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A1 Presentation of Experimental Results for Girder 1 
 
A1.1 Introduction 
The objectives of the tests on Girder 1 were to investigate shear behavior of a high-
strength concrete girder under a low-to-moderate shear stress level as well as the influence of 
strand draping on shear performance. Girder 1 was designed for a shear stress of 1.2 ksi at the 
first critical shear section from each support and with a concrete that had a specified compressive 
strength of 10 ksi. The same size and spacing of shear reinforcement was used on both halves of 
the girder and this consisted of #4 doubled legged deformed bars at 12 inch spacing in the 
regions of highest shear. A total of 34 0.6-inch diameter strands were used, with 32 strands 
located in the bottom bulb and 2 straight strands located in the top flange. Of the 32 bottom 
strands, 6 strands in the West end (G1W) were draped. It was anticipated that the use of draped 
strands in the West end (G1W) would increase the shear capacity due to the vertical component 
of the force in the strands as well as an improvement in the flow of forces in the end region. 
Figures A1.1-1 and A1.1-2 present the reinforcement layout. Girder 1 was designed to satisfy the 
requirements of the AASHTO LRFD Bridge Design Specifications 2nd Edition with 2001 
Revisions and the detailed design of Girder 10 is provided in Section A1.9. 
In this Appendix, as in each of the subsequent Appendices, details of the experimental 
results are presented in Sections A1.2 through A1.8 and the design of the girder is presented in 
Section A1.9. Appendix A differs from other appendices in the presentation of the full design of 
the test girder as other appendices only present a summary of the design.  
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A1.2 Measured Material Properties and Cross-Sectional Properties 
Girder 1 was cast on 07/14/2002 and the strands were released on 07/22/2002. The girder 
was tested starting on 03/18/2003 until failure of the East end and then on 05/15/2003 until 
failure at the West end. The measured cylinder compressive strength of the concrete at the time 
of testing was 12.1 ksi. Table A1.2-1 summarizes the measured material properties.  In Table 
A1.2-1, the measured effective prestress before testing is listed as 159.7 ksi. That value is based 
on the measured surface deformations of the bulb as described in Section A1.8.1 and the 
additional losses that must have occurred between the last measurement and the start of testing, 
as described in Section A1.8.1. Table A1.2-2 presents the properties of the cross section.  
Composite section properties were computed based on the transformed slab width and using the 
calculated modulus of elasticity of the precast girder.  
A1.3 Loading History 
Girder 1 was first loaded on March 18, 2003 and then reloaded on the sequential days of 
March 19, 2003 and March 20, 2003 to obtain the East end failure. After the East end was 
repaired, the girder was reloaded again on May 15, 2003 until the West end failed. Cracking and 
mechanical strains were recorded for a total of 13 loading stages during the testing.  
A1.3.1 Test Loads Before East End Failure  
Girder 1 was loaded using 44 jacks that were uniformly distributed in the middle 44 feet 
of the span, as illustrated in Figure A1.3-1. The girder was unloaded after the first day of testing 
after a maximum load of 19.11 kips/ft was reached and then reloaded again the following day 
until the loading reached 23.67 kips/ft. Using the same loading pattern, Girder 1 was reloaded on 
March 20, 2003 until the East end failed at an load level of 26.03 kips/ft. Figure A1.3-2 shows 
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the entire loading history prior to the East End failure. Loading stages 1 through 9 are indicated 
on the loading curves. 
A1.3.2 Test Load for West End (G1W)  
After completion of the East end test, the East end was repaired by adding concrete in-fill 
between the girder flanges in the failure area and vertically post-tensioning the repaired area. 
Girder 1 was then reloaded on May 15, 2003 using the same loading pattern as that used for the 
testing in which the East end failed, as shown in Fig A1.3-3. The West end (G1W) failed at 
30.09 kips/ft. The loading history curve is shown in Figure A1.3-4. Loading stages 10 through 13 
are marked on that curve. 
A1.3.3 Loading Stages 
As identified in loading history curves, a total of 13 loading stages were taken over the 
duration of the test. Table A1.3-1 lists the maximum load value for each loading stage. Also 
listed in the Table A1.3-1 are the reaction forces RWest at the West support and REast at the East 
support, as well the mid-span moment MMid corresponding to that stage loading level. 
A1.4 Behavior of Girder 1 
Figure A1.4-1 presents the development of cracking through the crack patterns measured 
at each load stage. Shown beneath each crack diagram is the associated maximum load value. 
Table A1.4-1 presents a summary of the development of cracking. For each load stage the 
maximum crack widths are presented for the web-shear zone (WS) and the flexure-shear zone 
(FS) of both ends as well as the flexure cracks (F) in the bottom bulb. The crack widths are given 
in the measured units of mm. A description is now provided of the observed behavior of the 
girder at each load stage. 
 A1-4
(1) Load Stage 1 (w = 14.71 kips/ft) 
The first diagonal cracks occurred at the East end at a load of 14.71 kips/ft and at an 
angle of approximately 43 degrees, as shown in Figure A1.4-2. The maximum crack width at this 
stage was 0.25 mm. 
 (2) Load Stage 2 (w = 18.79 kips/ft) 
Additional cracking occurred at the East end and the maximum crack width reached 0.35 
mm. Figure A1.4-3 shows the state of cracking at Load Stage 2.  
 (3) Load Stage 3 (w = 19.11 kips/ft) 
The first diagonal cracks occurred at the West end at a load of 18.08 kips/ft and at an 
angle of approximately 30 degrees, as shown in Figure A1.4-4. The maximum crack width had 
now reached 0.35 mm.  
 (4) Load Stage 4 (w = 19.96 kips/ft) 
As shown in Figure A1.4-5, additional diagonal cracking developed and existing cracks 
increased in width to maximum widths of 0.40 mm (G1E) and 0.40 mm (G1W). 
(5) Load Stage 5 (w = 21.17 kips/ft) 
Figure A1.4-6 presents the cracking pattern at Load Stage 5. The diagonal cracks at the 
East end spread towards mid-span, and the maximum crack width was 0.50 mm. In the web of 
the West end more diagonal cracks appeared in the region between the existing cracks. The 
maximum crack width reached 0.40 mm. Flexural cracking also occurred around mid-span 
during this loading stage.  
(6) Load Stage 6 (w = 22.52 kips/ft) 
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The first sign of local crushing at the East end was observed, accompanied by local 
concrete spalling from the surface, as shown in Figure A1.4-7.  
(7) Load Stage 7 (w = 23.67 kips/ft) 
With increasing load, local crushing at the East end continued to progress, as shown in 
Figure A1.4-8.  
(8) Load Stage 8 (w = 24.56 kips/ft) 
With increasing load, local crushing continued to progress and became quite extensive, as 
shown in Figure A1.4-9.  
(9) Load Stage 9 (w = 26.03 kips/ft, East End Failure) 
The East end failed in an explosive manner at the load of 26.03 kips/ft. See Figure A1.4-
10. 
 (10) Repair of East End 
After failure, the girder was completely unloaded and strengthened with the use of a 15-
foot long diaphragm and external shear reinforcement. See Figure A1.4-11. This action permitted 
the reloading of the girder to beyond the previous level and until failure in the West end was 
obtained.  
(11) West End Test (Load Stage 9 through Load Stage 13) 
After Girder 1 was strengthened in its East end, it was reloaded again on May 15, 2003. 
The West end failed in an explosive manner at the load of 30.09 kips/ft. During the loading, 
shear slip along cracks was clear (Figure A1.4-12) along with local crushing (Figure A1.4-13) 
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and finally a brittle and explosive failure occurred along the intersection between the web and 
the bottom bulb (Figure A1.4-14).   
A1.5 Experimental Results for East End (G1E) 
A1.5.1 Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 14.71 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 6041.ycb = ) at an 
angle of 43 degrees and at a longitudinal distance of 51.57 inches from the extreme East end 
(39.57 inches from the center line of the East support). See Figure A1.5-1.  Table A1.5-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 319.2 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 279.8 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.14. Table A1.5-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 43 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 29 degree, for a crack angle ratio of ӨTest/ӨMohr is 1.48.   
(2) Distribution of Shear Crack Angles 
Figure A1.5-2 illustrates the distribution of shear crack angles for the East half of Girder 
1 (G1E). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 25 
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degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A1.5.2 Web Shear Strains 
A total of 9 LVDTs were installed on the surface of the web of the girder to measure the 
web shear strains of end regions. Those LVDTs were grouped in three rectangular rosettes, one 
placed at the East end and two in the West End, as shown in Figure A1.5-3. ED1, ED2 and ED3 
are LVDTs at the East End. The gage lengths of the LVDTs were all 48 inches so the computed 
strain is the average strain over a distance of 48 inches.  From the two diagonal strains 1diagonalε  
and 2diagonalε , the average shear strain γ of that region can be computed for each rosette as 
)( 2diagonal1diagonal ε−ε=γ .  Figure A1.5-3 shows the shear force versus shear strain response for the 
East end region in the first loading cycle. Note the shear force was calculated for the section at 
the center point of the rosette.  
A1.5.3 Stirrup Strains 
A total of 80 strain gages were placed on 20 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S11 through S20 were placed in the East half of the girder, as 
shown in Figure A1.5-4. Figure A1.5-4 also presents the load-strain curves for the East end up to 
the peak load. The values given are not the actual strains in the stirrups, but represent the change 
in strains resulting from the externally applied load since the gage readings were set to zero prior 
to loading. That said, the vertical strains in the stirrups due solely to the effects of prestressing 
have been measured in other girders and calculated by analyses to be very small. The yield strain 
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of the stirrup was approximately 2400 micro-strain. Table A1.5-2 presents the stirrup strain for 
each gage under the peak load of 26.03 kips/ft. 
A1.5.4 Strand Slip of East End (G1E) 
Strand slips were measured using LVDTs attached to selected strands at both ends of the 
girder. Figure A1.5-5 shows the strand slip curve for the East end. The strand did not show any 
slip until the load reached 23.34 kips/ft. After this point, significant slip was observed with 
increasing load. The maximum slip reached was 0.008 inches before failure occurred.  
A1.5.5 Vertical Deflections During East End Test 
The deflections of the girder were measured with LVDTs placed at five locations, as 
shown in Figure A1.5-6. The deflections reached their maximum values under the peak load of 
26.03 kips/ft. The maximum deflections were 0.383 in (V1), 1.022 in (V2), 1.711 in (V3), 1.008 
in (V4), and 0.497 in (V5).  
A1.5.6 Longitudinal Strains During East End Test 
Longitudinal strains were measured using LVDTs that were attached at four different 
locations as shown in Figure A1.5-7 over a gage length of 48 inches. The longitudinal strains at 
peak load (26.03 kips/ft) were 897µs  (H1), 1860µs  (H2), 251 µs  (H3) and -748 µs  (H4). The 
maximum compressive strain at mid-span for H4 was 748 µs . The maximum tensile stress in the 
bottom bulb at the mid-span (H2, 1860µs ) results in a calculated prestress increment 
of ksi 0.5310186028500 6 =×× − .  Thus the prestressing strands were at a stress not close to their 
yield stress because 159.7 + 53.0 = 212.7 ksi< fpy = 243.0 ksi. .  
A1.5.7 Reinforcement strains in the Bulb Confinement Cage at G1E 
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A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end. A total of 10 strain gages were attached on the cage as 
shown in Figure A1.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remainder of the gages, numbered 5 – 10, were used for measuring 
transversal strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gages 8-10 were located along the bottom bulb. Table A1.8-2 lists the detailed 
gage locations in the cage. Table A1.8-3 presents the sets of strain measurements taken before 
test.  
Figure A1.5-8(a) presents the load versus measured longitudinal strains in the 
confinement cage. Gage 1 measured increasing tensile strain with increasing load. The tensile 
strain of gage 1 reached 478 µs as the load w = 15.82 kips/ft. After this point the response 
became non-linear and the maximum tensile strain reached over 8000 µs at the failure load of 
26.03 kips/ft. Similar to gage 1, gage 2 also increased in tension linearly at first and then went 
into a nonlinear state. Its nonlinear part started when the load was 18.0 kips/ft and the tensile 
strain was 529 µs. The maximum tensile strain of gage 2 reached 3600 µs at the failure load. 
Those high tensile values from gage 1 and gage 2 are expected due to the cracks in the bottom 
bulb near the support. Gage 3 was lost during the test. Unlike other gages, gage 4 kept increasing 
in compression. The maximum compressive strain of gage 4 reached -324 µs at w = 23.65 kips/ft. 
 Figure A1.5-8(b) shows the curves of the measured transversal strains versus load for the 
confinement cage. During the test, gages 7, 8 and 10 measured tensile strains while gages 6 and 9 
measured compressive strains. With increasing load gage 5 initially measured compressive 
straining and then tensile straining. At the failure load the measured tensile strains were 1201 µs 
(gage 5), 718 µs (gage 7), 501 µs (gage 8), and 460 µs (gage10). The maximum compression 
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strains were -190 µs (gage 5, 23.64 kips/ft), -81 µs (gage 6, 19.10 kips/ft) and -64 µs (gage 9, 
25.64 kips/ft). 
A1.5.8 Longitudinal Reinforcement strains of bottom bars at G1E 
Four #8 deformed bars were placed at G1E to provide the longitudinal tension capacity 
required by the LRFD specifications. Four strain gages were attached on one of the bars to 
measure the longitudinal reinforcement strains, as shown in Figure A1.5-9. Figure A1.5-10 
presents the test load versus the measured strain in these bars. Only gage 1 and 3 worked 
throughout the duration of the test. Gage 1 increased linearly in tension until the tensile strain 
was 176 µs at the test load w = 15.73 kips/ft. Then its response became nonlinear and the 
maximum tensile strain reached 1020 µs at the failure load. With increasing load, gage 2 started 
linearly increasing in compression and then began to measure tensile straining. The maximum 
compression strain of gage 2 was -122 µs when the test load w = 17.32 kips/ft. At the failure load 
gage 2 reached maximum tensile strain of 616 µs.  
A1.5.9 Failure Mode of G1E 
G1E failed when the external load reached 26.03 kips/ft. The support reaction under the 
failure load was 572.7 kips. G1E failed in a brittle manner due to the crushing of compressive 
struts. Most stirrups yielded well before peak load and were increasing in strain quite rapidly as 
failure was approached. The initiation of failure started from concrete spalling at a small area of 
the base of the web just above the support, and some new small cracks appeared nearby along 
with splitting noises. A few seconds later the end failed in a very brittle manner. Compressive 
struts crushed at the bottom with concrete exploding from the surface. The failure resulted in a 
crushed zone, as shown in Figure A1.5-11, which extended about 108 inches long from the end 
of the girder and extended up from the web-bulb interface to 18 inches above this interface. The 
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crushed zone ended with a big inclined crack in the end bulb. The web slid along this crack 
towards the end of the member. The web shear cracking was fully developed and the crack 
spacing was 6.0 inches before failure. The maximum shear crack width reached 2.0 mm before 
failure and became as wide as 10 mm after failure. Significant shear slips occurred along cracks 
with the relative movement of upper part moving down. Slippage of strands significantly 
increased as failure approached and then reached 0.08 inches at the time of failure. Splitting 
cracks along strands formed in the bulb end. No damage was found in top flange. Except for 
some small cracks above the support and the inclined crack outside the support, no other damage 
was observed in bulb. 
A1.5.10 Ultimate Shear Capacity of East End (G1E) 
Under the typical loading pattern, as shown in Fig.A1.2-1, G1E failed when the 
distributed loading reached 26.03 kips/ft. This section compares the measured capacity with the 
capacity calculated using LRFD, R2K and STD. 
LRFD: Table A1.5-3 presents the calculated shear capacity by the LRFD specifications 
at a critical section that is at x = 6.23 ft from the East support. The calculated LRFD shear 
capacity at this section is 456.2 kips, and the corresponding external load is wLRFD = 24.47 kips/ft 
under the same loading pattern as that used for the test load. 
R2K: For the same critical section x = 6.23 ft from the East support, R2K predicts a 
nominal shear capacity 432.9 kips, which corresponds to an external load of wR2K = 23.14 kips/ft 
for the same loading pattern as the test load.  
STD: Table A1.5-4 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support. Thus the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
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center of the East support. The shear capacity calculated using the AASHTO STD at the critical 
section is 439.7 kips, which corresponds to an external load of wSTD = 20.38 kips/ft for the same 
loading pattern as the test load.  
Table A1.5-5 compares the measured and calculated capacities using LRFD, R2K and 
STD. The ratios between of the test to calculated strength are also provided.  
A1.6 Experimental Results for West End Test (G1W) 
A1.6.1 Shear Cracking at West End 
 (1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the West end of the girder under a loading of 18.08 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 6041.ycb = ) at an 
angle of 30 degrees and at a longitudinal distance of 130.68 inches from the extreme West end 
(118.68 inches from the center line of the West support). See Figure A1.6-1.  Table A1.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 273.3 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 320.5 kips, for a shear cracking strength ratio 
of VTest/Vcw = 0.85. Table A1.6-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 30 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 27.8 degree, for a crack angle ratio of ӨTest/ӨMohr is 1.08.   
(2) Distribution of Shear Crack Angles 
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Figure A1.6-2 illustrates the distribution of shear crack angles for the West half of Girder 
1 (G1W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroid line of the composite section. The shape of the angle distribution is close to a parabolic 
curve. The crack angle was close to 45 degree near the support, then decreased to 22 degrees in 
the first shear design regions, then went back up to 45 degree in the flexure shear cracking zone 
and then increased to the expected 90 degrees near mid-span where only flexural cracking 
occurred. 
A1.6.2 Web Shear Strains 
A total of nine LVDTs were installed on the surface of the web to measure the web shear 
strains of the end regions. Those LVDTs were grouped as three rectangular rosettes, one placed 
at the East end and two in the West End, as shown in Figure A1.6-3. Group ED1, ED2, and ED3 
were at the East end and Group WD1, WD2, and WD3 and Group WD4, WD5, and WD6 were 
installed at the West End. The gage lengths for the LVDTs were all 48 inches so the computed 
strain is the average strain over a distance of 48 inches.  From the two diagonal strains 1diagonalε  
and 2diagonalε , the average shear strain γ of that region can be computed for each rosette as 
)( 2diagonal1diagonal ε−ε=γ .  Figure A1.6-3 presents the development of shear strain versus shear 
force for the West end region. Note the shear force V was calculated for the section at the center 
point of the rosette. The shear response was linear until first cracking with measured stiffnesses 
by the two rosettes of 0.82 kips/µs (WD1 and WD3) and 0.87 kips/µs (WD4 and WD6). Under 
the failure load w = 30.09 kips/ft, the shear forces and shear strains are V = 606.8 kips, γ = 4671 
µs ( WD1 and WD3 ) and V = 516.5 kips γ = 3161 µs (WD4 and WD6).  
A1.6.3 Stirrup Strains 
 A1-14
A total of 80 strain gages were placed on 20 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S10 were placed on the West half of the girder, as 
shown in Figure A1.6-4. Figure A1.6-4 also presents the stirrup straining up to the peak load. 
Values given are not the actual strains in the stirrups, but represent the change in strains resulting 
from the externally applied load since the gage readings were set to zero prior to loading. That 
said, the vertical strains in the stirrups due solely to the effects of prestressing have been 
measured in other girders and calculated by analyses to be very small. The yield strain for the 
stirrups was approximately 2400 micro-strain. Table A1.6-2 presents the stirrup strain recorded 
by each gage under the peak load of 30.09 kips/ft. 
A1.6.4 Strand Slip of West End (G1W) 
Strand slips were measured by LVDTs attached to selected strands at both ends of the 
girder. Figure A1.6-5 shows the strand slip curve for the West end. The strands did not show any 
slip until the load reached 18.52 kips/ft. Subsequently the slip was observed to increase 
continuously with increasing load. The maximum slip recorded was 0.07 inches.  
A1.6.5 Vertical Displacements During West End Test 
After the East End test was completed, gages V1 and V2 were removed and only the 
deflections for the West half (V3, V4, and V5) were measured. Figure A1.6-6 shows the load-
deflection curves for the West end test. The deflections at the failure load (30.09 kips/ft) were 
3.554 in (V3), 1.186 in (V4) and 0.913 in (V5).  
A1.6.6 Longitudinal Strains During West End Test 
After the East end test was completed, longitudinal strains were measured for the West 
half part of the girder only. Figure A1.6-7 shows the load-strain curves for locations H2, H3 and 
 A1-15
H4 over a gage length of 48 inches. The longitudinal strains at peak load (30.09 kips/ft) were 
3216µs  (H2), 677 µs  (H3) and -1122 µs  (H4). The maximum compressive strain at mid-span 
of slab was 1122µs (H4). The maximum tensile stress in the bottom bulb at the mid-span (H2, 
3216µs ) corresponds to a prestress increment of ksi 7.9110321628500 6 =×× − , which means 
that the prestressed strands were close to or slightly above yielding since  159.7 + 91.7 = 251.4 
ksi whereas fpy = 243.0 ksi.   
A1.6.7 Reinforcement strains in the Bulb Confinement Cage at G1W 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end. A total of 10 strain gages were attached on the cage, see 
Figure A1.8-2. Four strain gages, numbered 1 – 4, were used to measure the longitudinal strains, 
and the rest of the gages, numbered 5 – 10, were used for measuring transverse strains. Gages 5-
7 were located on the inclined reinforcement near the top of the bottom bulb while gages 8-10 
were located along the bottom bulb. Table A1.8-2 lists the detailed gage locations in the cage. 
Table A1.8-3 presents the sets of strain measurements taken before test.  
Figure A1.6-8(a) presents the measured longitudinal strains versus load in the 
confinement cage. Gage 1 increased linearly in tension with the increasing load. The tensile 
strain of gage 1 reached 336 µs as the load w = 18.79 kips/ft. After this point, gage 1 entered 
nonlinear state. Similar to gage 1, gage 2 exhibited nonlinear behavior after w = 18.79 kips/ft 
with the tensile strain of 190 µs. Gage 2 reached its maximum tensile strain of over 8000 µs at 
the failure load 30.09 kips/ft. This high tensile value from gage 2 is expected due to the cracks in 
the bottom bulb near the support. Gages 3 and 4 increased in compression through the loading. 
The maximum compressive strain of gage 4 reached -147 µs at w=18.79 kips/ft. 
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Figure A1.6-8(b) shows the curves of the measured transverse strains versus load for the 
confinement cage. Gage 9 was not working in the test. During the test, gage 5 and gage 7 were in 
tension while gages 8 and 10 were in compression. With increasing load gage 6 started with 
compression and then turned into tensile state. At the failure load the tensile strains were 1452 µs 
(gage 6), 482 µs (gage 7). The maximum compression strains for gage 6 and gage 8 were -106 µs 
(gage 6, 20.42 kips/ft) and -71 µs (gage 8, 19.11 kips). 
A1.6.8 Failure Mode of G1W 
When the external load reached 30.09 kips/ft, with the corresponding support reaction 
being 662.0 kips, G1W failed in a very brittle manner with strut crushing at the bottom. Most 
stirrups yielded well prior to failure and further extended as failure approached. Prior to failure, 
concrete began to spall along a preexisting horizontal crack beyond the web-bulb interface and 
this made the crack more apparent. Slippage of strands also occurred and splitting noise was 
heard. Then a sudden brittle failure occurred. Compression struts crushed at the bottom and 
concrete fell off from the web surface. A crushed zone was formed that extended 149 inches 
from the end of the member and from the web-bulb interface to 18 inches above this interface as 
as shown in Figure A1.6-9. Both strands and stirrups in this area were exposed. The upped 
region of the web had slid towards the end of the member relative to the bottom bulb along the 
crushed zone. The sliding caused a 9-inch long crack which extended from the zone to the very 
end. All stirrups in the crushed zone were also bent by the sliding. The web shear cracking was 
fully developed and the crack spacing was 3.8 inches before failure. The maximum shear crack 
width reached 1.2 mm before failure. Small shear slips were observed along cracks with the 
downward relative movement of upper part. Slippage of strands reached 0.07 inches just prior to 
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failure. No damage was found in top flange. Except two small cracks extended into the support, 
no other damage was found in the bottom bulb. 
A1.6.9 Ultimate Shear Capacity of West End (G1W) 
Under the typical loading pattern shown in Figure A1.2-3, G1W failed when the 
distributed load was 30.09 kips/ft. This load is now compared with the capacity calculated using 
the LRFD and STD specifications as well as R2K. 
LRFD: Table A1.6-3 presents the calculated shear design capacity by the LRFD 
specifications at a critical section that is x = 5.95 ft from the center of the West support. The LRFD 
calculated shear capacity at the critical section is 471.3 kips, which corresponds to an external load 
of wLRFD = 24.70 kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section x = 5.95 ft from the center of the West support, R2K 
predicts a nominal shear capacity as 451.9 kips, which corresponds to an external load of wR2K = 
23.71 kips/ft for the same loading pattern as the test load.  
STD: Table A1.6-4 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD specifies the location of the critical section as h/2 from the face of 
the support, thus the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft from the 
center of the West support. The capacity at the critical section is 507.0 kips, and the 
corresponding external load is wSTD = 23.49 kips/ft for the same loading pattern as the test load.  
Table A1.6-5 summarizes the comparison of the measured and calculated capacities using 
LRFD, R2K and STD. 
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A1.7 Zurich Gage Measurements  
A total of 315 aluminum targets were glued to the surface of the web of the girder in 
square grids prior to loading to measure the surface deformations. Figure A1.7-1 shows the 5-
line and 63-column grid. The spacing between two adjacent targets was 10 inches (254mm).  
The Zurich Gage Measurement System was used to measure the distance between adjacent 
targets at selected load levels through the testing. Table A1.7-1 summarizes the load levels at 
which the Zurich measurements were taken. The first two sets of measurements were taken 
before test without superimposed loading for calibration and error assessment. Figures A1.7-2 
and Figure A1.7-3 present the change in distance measured between the targets at the last set of 
Zurich target readings. The value on the line segment is the deformation between those two 
targets. The unit of the deformation is millimeters (mm). 
A1.8 Measurements for Girder 1 before Test 
Girder 1 was cast on July 14, 2002, and its prestressing tendons were cut on July 22, 
2003. Strain and displacement measurements were taken before and after strand release to obtain 
the effects of strand release on the straining and internal deformations of the girder. Additional 
measurement sets were taken at selected subsequent dates to monitor time-dependent changes. 
The last set was taken after the top slab was cast on January 07, 2004. The following sections 
present the measured strains and displacements.  
A1.8.1 Surface Deformations of the Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 1 by locating 
targets on both ends and near mid-span of the girder. The spacing between two measurement 
targets was 10 inches, but overlapping sets of targets were used that provided a measurement of 
 A1-19
average strain every 5 inches. The first target on each end was located at 3 inches from that end. 
Table A1.8-1 and Figure A1.8-1 present the detailed results of surface strains measured on 
Girder 1. Figure A1.8-1 shows distributions along the girder of the total strain at different 
loading states. The plots have been organized so that the strain profile can be seen from the front 
elevation view perspective. The average compressive strains in the middle part of the girder after 
release and before the start of testing were -793µε  and -1444µε , respectively. Thus the average 
prestress loss at the time of the last measurement was: 
                                    ksi 2.4110144428500f 6Loss =××=∆ − , and 
There were 70 days between the last measurement on 01/07/03 and the start of test on 03/18/03. 
During this period additional losses must have occurred due to creep and shrinkage. The 
information on prestress losses in the Figure 3.12.3 through Figure 3.12.6 of the PCI Design 
Handbook, 5th Edition, combined with the individual loss predictions from the LRFD 
specifications were used to calculate that additional loss as 1.64 ksi. 
Therefore, an average effective prestress at time of test was: 
                                    ksi 7.15964.12.415.202fpe =−−= . 
The strain profile in Figure A1.8-1 suggests that the transfer length for the prestress in the strand 
was about 28 inches.  
A1.8.2 Strains in the Bottom Cages 
Ten strain gages were attached to the confinement cage.  Figure A1.8-2 shows their 
locations and identifiers. Table A1.8-2 lists the distance from the end of the girder to the location 
of each gage. Gages 1 through 4 were used for measuring longitudinal strains, while gages 5 
through 10 gages were used for measuring transverse strains in the confinement reinforcement. 
 The detailed results for the measured strains for Girder 1 are shown in Table A1.8-3. 
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A1.9 Design of Girder 1 
A1.9.1 Introduction 
Girder 1 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu, over a 50-foot simple span such that the design shear 
stress at the face of the first critical shear section (0.5dvcotθ from the face of the support) was 
equal to v = 0.12 'cf  = 0.12(10) = 1.2 ksi. A 42-inch wide and 10-inch thick slab was made 
composite with the girder. The member was designed to satisfy all of the requirements of the 
AASHTO LRFD Bridge Design Specifications 2nd Edition with 2001 Revisions. The complete 
design of Girder 1 is presented in this Section A1.9. For all subsequent girder designs presented 
in other Appendices, only a summary of the design is presented.  
A1.9.2 Materials  
The material properties used in the design of Girder 1 are shown in Table A1.9-1.  
A1.9.3 Properties of Cross Section 
Figure A1.9-1 presents the geometric dimensions of the cross section and Table A1.9-2 
lists those properties. Since the girder and the slab had different concrete strengths, the 
composite section properties were computed based on the transformed slab width and using the 
calculated modulus of elasticity of the precast girder.  
A1.9.4 Load and tendon profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A1.9-2. Figure A1.9-3 illustrates the tendon profile for Girder 1. 
A1.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
For pretensioned members, the total loss of prestress pTf∆  is: 
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             2pRpCRpSRpESpT fffff ∆+∆+∆+∆=∆  [LRFD Eq. 5.9.5.1-1] 
where: 
pESf∆  =  loss due to elastic shortening 
pSRf∆  = loss due to shrinkage 
pCRf∆  = loss due to creep of concrete 
2pRf∆  =  loss due to relaxation of steel after transfer 
The prestressing losses were calculated based on the state of stress at midspan. 
A1.9.5.1 Elastic Shortening ( pESf∆ ) 
The loss due to elastic shortening in a pretensioned member may be determined by the 
following equation:          
 
p
cigg
gmgps
ggmgmgpbtps
pES
E
EIA
AeIA
AMeAeIfA
f
++
−+=∆
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2
2
                                                   [C5.9.5.2.3a-1] 
where: 
psA  = area of prestressing steel  
2378.7217.034 in=×=  
gA  = gross area of section  
2713 in=  
ciE  = modulus of elasticity of concrete at transfer  ksi589,5=  
pE  = modulus of elasticity of prestressing tendons ksi500,28=  
me  = average eccentricity at midspan in36.24=  
             ina p 76.734
602846841228 =×+×+×+×+×=  
   inaye pbgm 36.2476.712.32 =−=−=  
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pbtf  = stress in prestressing steel immediately prior to transfer ksi5.202=  
   ksiff pupbt 5.20275.0 ==  
gI  = moment of inertia of the gross concrete section  
4638,392 in=  
gM  = midspan moment due to member self-weight ink ⋅= 6.013,3  
inkftkwM beamg ⋅=⋅=×== 6.013,31.2518
52743.0
8
22l
 
Therefore 
ksif pES 15.19
)28500(
)5589)(392638)(713())713()36.24(392638)(378.7(
)713)(6.3013)(36.24())713()36.24(392638)(5.202)(378.7(
2
2
=
++
−+=∆  
A1.9.5.2 Shrinkage ( pSRf∆ ) 
For a pretensioned member:  
 ksiHf pSR )150.00.17( −=∆                                                          (5.9.5.4.2-1) 
H = 70% in Illinois, so that  
ksif pSR 500.670150.00.17 =×−=∆  
A1.9.5.3 Creep ( pCRf∆ ) 
Prestress loss due to creep may be taken as: 
00.70.12 ≥∆−=∆ cdpcgppCR fff                                                   (5.9.5.4.3-1) 
where 
cgpf  = concrete stress at center of gravity of prestressing steel at transfer 
   ksif
E
Ef pES
p
ci
cgp 755.3)15.19(28500
5589 ==∆=  
 A1-23
cdpf  = change in concrete stress at center of gravity of prestressing steel due to 
permanent loads, with the exception of the load acting at the time the prestressing 
force is applied.  
            The moment at midspan due to slab self-weight slabM  is: 
  inkftkwM slabslabd ⋅=⋅=×=×= 6.16407.1368
504375.0
8
22
,
l  
  ksi
I
eMf
g
mslab
cdp 102.0392638
)36.24)(6.1640( ===  
Therefore:      
    ksif pCR 346.44102.00.7755.30.12 =×−×=∆  
A1.9.5.4 Relaxation ( 2pRf∆ ) 
For prestressing steel with low relaxation properties, loss due to relaxation 2pRf∆  is 
[ ]ksiffff pCRpSRpESpR )(2.04.00.20%302 ∆+∆−∆−=∆                        (5.9.5.4.4) 
Then 
           2pRf∆  ksi651.0)]346.445.6(2.015.194.00.20[3.0 =+×−×−×=  
A1.9.5.5 Total losses 
2pRpCRpSRpESpT fffff ∆+∆+∆+∆=∆  
        
ksi647.70
651.0346.44500.615.19
=
+++=
 
Stress in tendon after all losses is ksifff pTpipe 85.131647.705.202 =−=∆−=  
Table A1.9-3 lists the losses of prestress along the length of the girder. All locations are 
measured from the extreme end of the girder.  
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The average effective prestress stress for design was taken as ksi 5.134fpe = . 
A1.9.6 Stresses after Transfer [LRFD Art. 5.9.4] 
A1.9.6.1 Stress limits for concrete                 
LRFD 5.9.4 sets the concrete stress limits before losses fully as:  
Compression : ksiksifci 1.55.86.06.0
' =×=  
Tension :  
- In areas other than the precompressed tensile zones and without bonded 
auxiliary reinforcement : ksif ci 2.00948.0
' ≤  
ksifci 276.05.80948.00948.0
' =×= , then 0.2 ksi controls. 
- In areas with bonded reinforcement sufficient to resist 120 % of the tension 
force in the cracked concrete computed on the basis of an uncracked section:  
ksiksifci 641.05.822.022.0
' =×=  
A1.9.6.2 Stresses at the section at the end of the transfer length for G1E 
(1) Forces at end of transfer length of G1E 
Transfer length   
                indl btr 366.06060 =×==   [LRFD Art. 5.11.4.1] 
Effective stress in tendons after transfer 
 ksifff pESpipt 69.18219.815.202 =−=∆−=  
Prestress force kipsAfF psptpt 89.1347378.769.182 =×==  
The bending moment at end of transfer length ( ftx 49)352( =−= )due to beam self-weight is: 
ftkipxLwxM dbeam ⋅=−×=−= 61.54)4952(2
49743.0)(
2
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(2) Concrete stresses 
Compression stress in the bottom of beam bf : 
ksi
S
M
S
eF
A
F
f
b
beam
b
tpt
g
pt
b 52.412224
1261.54
12224
36.2489.1347
713
89.1347 −=×+×−−=+−−=  
Tension stress in the top of beam tf : 
ksi
S
M
S
eF
A
F
f
t
beam
t
tpt
g
pt
t 64.012715
1261.54
12715
36.2489.1347
713
89.1347 =×−×+−=−+−=  
Check: 
          Compression stress: ksiksifb 10.552.4 <= , O.K 
           Tension stress:        ksiksif t 20.064.0 >= , Not Satisfied. 
Therefore, additional bonded reinforcement should be designed to resist 120% of the tension 
force in the cracked concrete computed on the basis of an uncracked section. 
The depth of the tension stress block td  is: 
inh
ff
f
d
bt
t
t 814.76352.464.0
64.0 =×+=+=  
For simplicity of calculation, the top flange is taken as a rectangular section of 4.5 inches in 
height. The tension stress at the bottom of the top flange is 
ksif
d
d
f t
t
t
ft 27.064.0814.7
5.4814.7)5.4(
, =×−=−=  
The tension force T can be computed as: 
kips
bbdfbdf
T ftftftt
9.88
2
)642)(5.4814.7)(27.0(
2
)42)(814.7)(64.0(
2
))(5.4(
2
,
=−−−=
−−−=
 
kipsT 7.1069.882.12.1 =×=  
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The resistance of the bonded reinforcement (6-#8) is 
kipsfA ys 4.2846079.06 =××=  > 1.2T = 106.7 kips 
Therefore, the tensile stress limit of 0.641 ksi can be used. 
The tensile stress at the top is ksiksif t 641.064.0 ≈=   O.K.  
A1.9.6.3 Stresses along the length of Girder 1 before full losses  
With the same procedure, stresses at other sections along the length of Girder 1 were 
calculated as shown in Table A1.9-4. All locations in this table are measured from the extreme 
end of the girder. 
A1.9.7 Flexural Strength Design 
The maximum flexural design load is w = 23.11 kips/ft, same as in G1E. 
A1.9.7.1 Flexural Strength at Mid-span 
The design moment at mid-span is: 
             ink.,ftk.,.wM /Lx,u ⋅=⋅=×=== 566286922178
501123
8
22
2
l  
(1) Nominal flexural strength 
Assume the neutral axis to be located in the top flange, which means c, the distance between the 
neutral axis and the compressive face, is larger than 10 inches but less than 13.0 inches. 
- Compressive force in concrete 
The compressive force in slab  
kipshbfC slabfslabcslab 1785)10)(42)(0.5(85.0085 , ===  
The compressive force in girder  
)10)(42)(10)((85.0)10(085 1
'
1 −=−= ccbfC fcgirder ββ  
Where  =1β stress factor of compression block > 0.65  [LRFD Art. 5.7.2.2] 
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                 65.0)0.4(05.085.0 ' ≥−−= cf  for ksifc 0.4' ≥  
               55.0)0.40.10(05.085.0 =−−=  
                   6501 .=β   
The resultant compressive force  
          )10c)(42)(10)(65.0(85.01785CCC girderslab −+=+=    
- Tension force in the prestressing steel 
The tension force in the prestressing strands  
psps AfT =  
Where: 
psf  = the average stress in prestressing steel 
     ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
p
pups d
ckff 1  
     28.004.12 =⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
pu
py
f
f
k  
          ina p 76.734
602846841228 =×+×+×+×+×=  
   inaHd pp 24.6576.773 =−=−=  
psA  = area of prestressing steel 
2378.7 in=  
Therefore, kipscT )378.7)(
24.65
)28.0(1)(270( −=  
-  Equivalent equation C = T 
)378.7)(
24.65
c28.01)(270()10c)(42)(10)(65.0(85.01785 −=−+    
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The solution of that equation gives: 
            in 51.10c =   
            kipshbfC slabfslabcslab 1785)10)(42)(0.5(85.0085 , ===  
kips 3.118)1051.10)(42)(10)(65.0(85.0)10c(bf085C f
'
c1girder =−=−β=   
kips 19033.1181785CCC girderslab =+=+=   
            ksi8.257)
24.65
51.1028.01(270
d
ck1ff
p
pups =−=⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=   
             kips1902)378.7)(8.257(AfT psps ===   
-  Nominal flexural strength 
The distance between the location of the resultant compressive force and the top of the slab is 
             
in 311.5
1902
)10
2
)51.0)(65.0()(8.115()5)(1785(
CC
)h
2
)hc(
(C)
2
h
(C
a
girderslab
slab
slab1
girder
slab
slab
c
=
++
=
+
+−β+
=
  
Then the nominal flexural resistance is 
ft.k7.9498in.kip985,113)311.524.65)(1902()ad(TM cpn ==−=−=   
Therefore, ftk9.221,7Mftk7.498,9M un ⋅=>⋅=     O.K. 
32.1
9.221,7
7.498,9
M
M
u
n ==  
A1.9.7.2 Limits on Longitudinal Reinforcement at Mid-span 
(1) Maximum Amount of Reinforcement 
The amount of prestressed and non-prestressed reinforcement should be such that 
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42.0≤
ed
c   [LRFD Eq. 5.7.3.3.1-1] 
where 
yspsps
sysppsps
e fAfA
dfAdfA
d +
+=   [LRFD Eq. 5.7.3.3.1-2] 
indd pe 24.65==∴  
42.016.0
24.65
51.10
d
c
e
<==  O.K.  
(2) Minimum Amount of Reinforcement [LRFD Art. 5.7.3.3.2] 
At any section, the amount of prestressed and nonprestressed tensile reinforcement 
should be adequate to develop a factored flexural resistance, Mr, equal to the lesser of : 
- 1.2 times the cracking strength determined on the basis of elastic stress distribution and 
the modulus of rupture, and, 
- 1.33 times the factored moment required by the applicable strength load combination. 
(1) Cracking moment 
The cracking moment can be written as: 
deadbcbrcr MSffM ++= )(  
where: 
deadM  = dead load moment  at the section 
             inkftkM dead .4425.75.3688
)50)(18.1( 2 ===  
bcS  = composite section modulus for the extreme bottom fiber 
315585in=  
rf   = modulus of rupture 
ksiff cr 758.00.1024.024.0
' ===  
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bf   = Compressive stress in concrete at the bottom fiber of girder due to effective 
prestress force and dead load.  
ksi 94.2
12224
4425
12224
)36.24)(378.7)(85.131(
713
)378.7)(85.131(
S
M
S
eAf
A
Af
f
g
dead
b
mpspe
g
pspe
b
=
−+=
−+=
 
Therefore: 
ftkinkM cr .5.5171.33.058,624425)15585)(94.2758.0( ==++=  
ftkM cr .8.6205)5.5171)(2.1(2.1 ==  
(2) ftkM u ⋅=×= 4.98255.387,733.133.1  
ftk
M
M
ftkM
u
cr
n ⋅=⎭⎬
⎫
⎩⎨
⎧>⋅= 8.6205
3.1
2.1
min3.9493  
A1.9.7.3 Flexural strength of Girder 1 
 Table A1.9-5 summarizes the flexural strength design under the ultimate load 
kips/ft 11.23w u = for specific locations along the length of Girder 1. These locations are 
measured from the left support. Figure A1.9-4 also shows the moment curves for the ultimate 
design load and the flexural strength.  
A1.9.8 Shear Design 
A1.9.8.1 Shear Design of Girder End 1E 
(1) Effective shear depth vd  
     The effective shear depth vd was taken as greater of ed9.0  or h72.0 . 
inde 65.615.689.09.0 =×=  
inh 56.520.7372.072.0 =×=  
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Then indv 65.61=  
(2) Critical section and section forces 
            The critical section near the support is the greater of θcot5.0 vd , or, vd .  [LRFD Art. 
5.8.3.2] 
Assume the strain in the reinforcement, 0≤xε  and transverse shear reinforcement will be 
provided greater than the required amount of minimum shear reinforcement. 
Then, 87.2=β , °= 7.23θ  for 120.f/v 'c = , 0≤xε   [LRFD Table 5.8.3.4.2-1] 
The critical section near the supports is the greater of:  [LRFD Art. 5.8.3.2] 
indv 65.61=  or. indv 22.707.23cot65.615.0cot5.0 =°×=θ  (Controls) 
Since the width of the bearing is 9 inches, the critical section for the East End G1E is located at a 
distance of 70.22 + 9/2 = 74.72 in. = 6.23 ft from the centerline of the East End support, or 
ftx 77.4323.650 =−=  from the West End support. 
Shear force: kips.).)(.()x/L(wV uu 7843377432511232 −=−=−=  
Moment     : ftkips.,).(..)xL(wxM u ⋅=×=−= 915032362
77431123
2
 
Shear ratio 1170
6561610
78433 .
).)()((
.
bdf
VV
f
v
v
'
c
pu
'
c
==−=  
(3) Compute longitudinal strain xε  
002.0
)(2
cot)(5.05.0
≤+
−−++
=
pspss
popspuu
v
u
x AEAE
fAVVN
d
M θ
ε  
     
31048920
2170325002802
018921703272307843350
6561
1291503
−×−=
××+
××−°−+×
=
.
).,(
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Since the value of xε  is negative, it needs to be recalculated as: 
)(2
cot)(5.05.0
pspsscc
popspuu
v
u
x AEAEAE
fAVVN
d
M
++
−−++
=
θ
ε  
Where Ac = area of concrete on the flexural tension side  2384 in=   
Therefore 
01004060
21703250028038460622
018921703272307843350
6561
1291503
3 <×−=
××++×
××−°−+×
=ε
−.
).,(
...cot).(.
.
.,
x  
Then  
              87.2=β , °= 7.23θ  for 120.f/v 'c = , 0≤xε    [LRFD Table 5.8.3.4.2-1] 
(4) Concrete contribution  
The nominal shear resisted by the concrete is: 
vvcc dbfV
'0316.0 β=  
    kips1.10665.610.60.1087.20316.0 =××××=  
Check if )(5.0 pcu VVV +> φ  
             kips.Vkips.).(..)VV(. upc 844374701106905050 =<=+××=+φ  
Therefore, transverse shear reinforcement must be provided. 
(5) Shear reinforcement design 
            pscnu VVVVV ++=≤φ/   [LRFD Eq. 5.8.3.3-1] 
Note that strength reduction factor is neglected for this experiment, i.e., φ =1.0. 
The shear force required is  
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kips...VV)/V(V pcus 7327011068433 =−−=−−φ=  
             
s
dfA
V vyvs
ααθ sin)cot(cot +=   [LRFD Eq. 5.8.3.3-4] 
When vertical stirrups are used, α =90. 
Therefore, the spacing, s, of the shear reinforcement with fy = 70 ksi is: 
03330
723656170
7327 .
.cot.
.
cotdf
V
s
A
vyv
sv =°××=θ=   
Use #4 bar double legs@12 in, Av=0.40 in2 , s = 12 in, and 03333.012
4.0 ==
s
Av  
Then, kipsVs 7.32712
7.23cot65.61704.0 =°×××=  
(6) Check maximum spacing of transverse reinforcement.  [LRFD Art. 5.8.2.7] 
Since 125.012.0/ ' <=cu fv ,      
indS v 0.248.0max ≤=   [LRFD Eqs. 5.8.2.7-1] 
inindS v 0.2432.4965.618.08.0max >=×==∴  
Therefore insinS 120.24max =>=  O.K. 
(7) Check minimum reinforcement requirement.  [LRFD Art. 5.8.2.5] 
The area of transverse reinforcement should not be less than: 
v
y
v
cv Ainf
sbfA <=××=≥ 2' 103.0
70
1260.100316.00316.0 provided.  O.K. 
(8) Check maximum nominal shear resistance 
In order to ensure that the concrete in the web of the girder will not crush prior to 
yielding of the transverse reinforcement, the LRFD Specifications imposes an upper limit on Vn 
as follows: 
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        pvvcn VdbfV += '25.0   [LRFD Eqs. 5.8.3.3-2]  
vvcsc dbfVV
'25.0≤+∴  
kipsdbfkipsVV vvcsc 8.924)65.61)(6)(10(25.025.08.4337.3271.106
' ==<=+=+  
         O.K. 
 A1.9.8.2 Shear Design of Girder 1 ( ksif pe 5.134= ) 
The calculations for the shear design of Girder 1 are summarized in Table A1.9-6 and Figure 
A1.9-5.       
A1.9.9 Interface Shear Transfer [LRFD Art. 5.8.4] 
A1.9.9.1 Interface Shear at Critical Section 
(1) Horizontal shear per unit length  
The horizontal shear force at the critical section (0.125L = 6.23 ft from the centerline of support) 
is: 
v
u
h d
V
V =                  [C5.8.4.1-1] 
ink /04.7
65.61
8.433 ==  
(2) Nominal shear resistance 
The nominal shear resistance of the interface plane shall be taken as: 
cvcvccyvfcvn AorAfPfAcAV 8.02.0)(
'≤++= µ  [LRFD Eqs. 5.8.4.1-1 & 2 & 3] 
where: 
cvA  = area of concrete engaged in shear transfer = 
242 in (per unit length) 
yf  = yield strength of reinforcement = 70 ksi 
 
 A1-35
vfA  = area of shear reinforcement crossing the shear plane 
                                   203.0
70
)42)(05.0(05.0 in
f
bA
y
v
vf ==≥   [LRFD Eq. 5.8.4.1-4] 
  c  = cohesion factor 
µ  = friction factor  
cP  = permanent net compressive force normal to the shear plane = 0 
'
cf  = specified 28-day compressive strength of the weaker concrete = 5.0 ksi 
For concrete placed against clean, hardened concrete with the surface intentionally roughened to 
an amplitude of 0.25-in,                                                                                       
  c  = 0.100 ksi  
µ  = 1.0                                                                                     [5.8.4.2] 
If #4 bar double legs (Av=0.40 in2, fy = 70 ksi) with spacing of 6 inches are used, then: 
0666.0
6
40.0 ==vfA 203.0 in≥  
therefore: 
inkip
PfAcAV cyvfcvn
/87.8
)0700666.0(0.1421.0
)(
=
+××+×=
++= µ
 
and 
inkipAf cvc /0.424252.02.0
' =××=  
inkipAcv /6.33428.08.0 =×=  
             cvcn AfV
'2.0<   O.K.  [LRFD Eq. 5.8.4.1-2] 
                 cvA8.0<        O.K. [LRFD Eq. 5.8.4.1-3] 
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inkipVn /87.8= inkVh /04.7=>   O.K. 
A1.9.9.2 Interface Shear at Other Locations 
Interface shear design for other locations is shown in Table A1.9-7. 
A1.9.10 Longitudinal Reinforcement Requirement [LRFD Art. 5.8.3.5] 
For sections not subjected to torsion, longitudinal reinforcement shall be proportioned so 
that at each section the tensile capacity of the reinforcement on the flexural tension side of the 
member, taking into account any lack of full development of that reinforcement, is greater than 
or equal to the force T calculated as: 
θφφφ cot5.05.0 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−++= psuu
v
u VVVN
d
MT  [LRFD Eq. 5.8.3.5-1] 
A1.9.10.1 Girder End 1E 
(1) Tension force 
The sectional forces at the support are: 
uM  = 0 k.ft 
uN  = 0  kips 
The values of uV , sV , pV  and θ , calculated for the section θcot5.0 vd  from the face of the 
support are:                                                                                                          [C5.8.3.5] 
uV  = 433.8 kips 
sV  = 327.7 kips 
pV  = 0 kips 
θ  = 23.7o 
Therefore, the tension force T on the flexural tension side is: 
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θφφφ cot5.05.0 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−++= psuu
v
u VVVN
d
MT  
( )
kips
o
0.615
)7.23cot(0)7.327(5.08.433)0(5.00
=
−−++=
 
(2) Tensile capacity  
Assume a crack plane starts from the inner face of the support at an angle of θ .  
For the bottom strands, the assumed crack plane crosses the strands at a distance of crl from the 
end of the beam, where inl ocr 75.26)7.23)(cot5.4(5.412 =++= . Since crl  is less than the 
transfer length trl  (36 inches), the available prestress of the bottom strands at the intersection, fps, 
is a portion of the effective prestress, fpe, or: 
ksi9.99)5.134(
36
75.26f
l
l
f pe
tr
cr
ps ===   
Therefore,  
 kips7.6939.99217.0320fAfA pspsss =××+=+   
Since kips 0.615Tkips 7.693fAfA pspsss =>=+ , No additional longitudinal reinforcement is 
needed.  
A1.9.10.2 Girder End 1W 
(1) Tension force 
The sectional forces at the support are: 
uM  = 0 k.ft 
uN  = 0  kips 
The values of uV , sV , pV  and θ , calculated for the section θcot5.0 vd  from the face of the 
support are:                                                                                                          [C5.8.3.5] 
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uV  = 433.3 kips 
sV  = 292.6 kips 
pV  = 0 kips 
θ  = 23.7o 
Therefore, the tension force T on the flexural tension side is: 
θφφφ cot5.05.0 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−++= psuu
v
u VVVN
d
MT  
( )
kips
o
8.653
)7.23cot(0)6.292(5.03.433)0(5.00
=
−−++=
 
(2) Tensile capacity  
Assume a crack plane starts from the inner face of the support at an angle of θ .  
For the 26 bottom strands, the assumed crack plane crosses the strands at a distance of crl from 
the end of the beam, where inl ocr 75.26)7.23)(cot5.4(5.412 =++= . Since crl  is less than the 
transfer length trl  (36 inches), the available prestress in the bottom strands at the intersection, fps, 
is a portion of the effective prestress, fpe, or: 
ksi 9.99)5.134(
36
75.26f
l
l
f pe
tr
cr
ps ===   
For the 6-draped strands, the assumed crack plane intersects their centroid at a distance of 
88.2 inches from the end of the beam, which is between the transfer length trl = 36 in., and the 
development length of the strand dl , where  
in9.1596.05.134
3
22.2566.1df
3
2fk bpepsd =×⎟⎠
⎞⎜⎝
⎛ ×−=⎟⎠
⎞⎜⎝
⎛ −=l       [LRFD Eq. 5.11.4.2-1] 
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Therefore, the available prestress from the 6-draped strands can be assumed to increase in a 
parabolic manner reaching fps at the development length. However, it is more conservative to 
assume that the available prestress in the 6-draped strands is fpe. 
Therefore,  
 
kips 8.738
5.134217.069.99217.0260fAfA pspsss
=
××+××+=+
 
Since kips9.8.653Tkips8.738fAfA pspsss =>=+ , No additional longitudinal reinforcement is 
needed.  
A1.9.11 Pretensioned Anchorage Zone [LRFD Art. 5.10.10] 
A1.9.11.1 Bursting Resistance  [LRFD Art. 5.10.10.1] 
The anchorage zone reinforcement for both Girder Ends 1E and 1W is computed using the force 
in the strands immediately prior to release: 
Force in the strands before release = kipsFpi 0.494,15.202217.034 =××=  
The bursting resistance, Pr, should not be less than 4.0% of Fpi.  [LRFD Art. 5.10.10.1] 
2)20/(04.0/ inksiFfPA pisrs =≥  
2988.2)20/(0.494,104.0 inksiAs =×=∴  
This required amount of vertical reinforcement must be located within a distance h/5 from the 
end of the girder to resist bursting stress.  
Therefore, use 6-#5 two leg stirrups at a spacing of 2.0 in. 
As = 12 x 0.31 = 3.72 in2  > 2.988 in2       O.K. 
A1.9.11.2. Confinement Reinforcement [LRFD Art. 5.10.10.2] 
Reinforcement shall be placed to confine the prestressing steel in the bottom flange for a distance 
of 1.5d from the end of the girder. The reinforcement shall not be less than No. 3 deformed bars, 
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with spacing not exceeding 6.0 in and shaped to enclose the strands. Therefore, use #3 bars at 6 
inch spacing for a distance 100 in from the end of the beam as shown in Figure A1.9-6.  The 
precaster had prefabricated cages available where the confinement reinforcement was spaced on 
10 inch centers. Therefore, an additional bar was placed between each piece of confinement 
reinforcement, so that the final spacing used in the fabrication of the girders was 5 inches.  
A1.9.12 Shrinkage and Temperature Reinforcement [LRFD Art. 5.10.8.2] 
- Note that this specimen does not need skin reinforcement.  [LRFD Art. 5.7.3.4] 
For bars or welded wire fabric used for components less than 48 in thick, the area of 
reinforcement in each direction shall satisfy: 
ygs fAA /11.0≥  [LRFD Eq. 5.10.8.2-1] 
where gA : gross area of section (in2) 
           yf : specified yield strength of reinforcing bars (ksi) 
The steel shall be equally distributed on both faces. However, for members 6.0 inches or less in 
thickness, the steel may be placed in a single layer. Spacing shall not be greater than 3.0 times 
the thickness or 18.0 inches. 
Therefore, if the reinforcement is placed with a spacing of 18 inches, then the required 
reinforcement is:  
2
, 198.060/)186(11.0/11.0 infAA ygrequireds =××==  
Use 2-#3@18 inches (As = 2 x 0.11 = 0.22 in2), i.e., 2-#3 at 24 inches and 42 inches from the 
bottom of girder as shown in Figure A1.9-7.  
A1.9.13 Drawings of Girder 1 
Figure A1.9-8 through Figure A1.9-10 present the fabrication drawings for Girder 1. 
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Table A1.2-1 Measured Materials Properties of Girder 1 
Materials G1E & G1W 
Deck Slab  
Concrete strength, 'cf  4.5 ksi  
Modulus of elasticity of slab Ec 4,067 ksi 
Precast Girder  
Concrete strength, 'cf  12.1 ksi  
Strain at peak stress 'cε  0.003 
Modulus of elasticity of Girder  6,669 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand   0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     159.7 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #4: 70.0 ksi (fy) , 109 ksi (fu) 
#5 :79.3 ksi (fy) , 119 ksi (fu) 
Others: 60.0 ksi (fy) , 90 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
 (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A1.2-2 Sectional Properties of Girder 1 
Cross-Section Properties G1E & G1W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.610 
Total transformed area of the composite section, Ac 969 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 637,363 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.60 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
31.40 in 
Composite section modulus for the bottom, Sbc 15,320 in3 
Composite section modulus for the top, Stc 20,300 in3 
Weight of composite section 1.180 kip/ft 
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Table A1.3-1 Load values for Load stages  
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 14.71 323.5 4529.6 323.5 
2 18.79 413.5 5788.6 413.5 
3 19.11 420.4 5886.0 420.4 
4 19.96 439.1 6147.0 439.1 
5 21.17 465.7 6519.4 465.7 
6 22.52 495.3 6934.7 495.3 
7 23.67 520.7 7290.5 520.7 
8 24.56 540.3 7563.6 540.3 
9* 26.03 572.6 8016.1 572.6 
10 26.59 585.0 8189.6 585.0 
11 27.44 603.8 8452.7 603.8 
12 28.75 632.4 8853.6 632.4 
13* 30.09 661.9 9267.0 661.9 
(* : Load stage of failure ) 
Table A1.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
14.71 0 0 0 0 0.25 
18.79 0 0 0 0 0.35 
19.11 0.35 0 0 0 0.40 
19.96 0.40 0 0 0 0.40 
21.17 0.40 0 0.05 0 0.50 
22.52 0.40 0 0.05 0 0.55 
23.67 0.40 0.05 0.10 0.1 0.80 
24.56 0.40 0.15 0.15 0.3 1.0 
26.03 >0.40 >0.15 >0.15 >0.30 >1.0 
26.59 0.50 0.30 0.25   
27.44 0.75 0.50 0.25   
28.75 1.0 0.55 0.30   
30.09 >1.0 >0.55 >0.30   
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Table A1.5-1 First Web Shear Cracking and STD prediction of G1E  
End: G1E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 12.1 
Cracking Load w (k/ft) 14.71 
Cracking Section Location from support  (in) 39.57 
Neutral axis of composite section Ycb (in) 41.60 
Measured crack angle Testθ  (deg) 43 
Cracking shear force at section TestV  (kips) 319.2 
Area of Prestress strands pA  (in2) 7.378 
Effective prestress pef  (ksi) 159.7 
Total prestress force ppepe AfF =  (kips) 1178.3 
Centroid of strands from the bottom pe (in) 7.76 
Eccentricity of strands from the girder centroid ce (in) 24.36 
Distance between centroids of girder and composite section y (in) 9.48 
Self-Weight Moment Md  (k-ft) 90.9 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
985.8 
d (in) 68.5 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 279.8 
Ratio of cwTest VV 1.14 
Concrete Cracking Strength 'ct ff 4=  (psi) 440.0 
tpcMohr ffcot +=θ 1  1.80 
Mohrθ (deg) 29.0 
Ratio of MohrTest θθ  1.48 
 
 
Table A1.5-2 Stirrup strains of East End (w = 26.03 kips/ft ) 
 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 
4 1595 199 765 5009 7406 8248 5009 N/A -623 -35 
3 524 -6 73 291 3184 2606 7983 N/A -109 -136 
2 -33 329 -89 -26 866 N/A 9758 11586 12465 -557 
1 457 2628 1861 -169 -92 1933 89 2428 3530 -963 
 
 A1-45
Table A1.5-3 LRFD Shear Prediction for G1E  
 Cell 1 Cell 2 Prediction 
Concrete Strength 'cf   (ksi) 12.1 12.1 12.1 
External Load uw (k/ft) 24.33 24.78 24.51 
Critical Section (ft) 43.77 43.42 43.64 
Shear Force uV (kips) 456.7 45.64 456.9 
Moment uM (k-ft) 3207.8 3428.4 3291.1 
Effective prestress pef  (ksi) 159.7 159.7 159.7 
ed (in) 68.50 68.50 68.50 
vd (in) 61.65 61.65 61.65 
'
cfv  0.102 0.102 0.102 
1000x ×ε  -0.0304 -0.0171 -0.04 
β  2.87 3.14 2.98 
θ  23.7 22.5 23.2 
yf (ksi) 70.0 70.0 70.0 
sAv  (in2/in) 0.40/12 0.40/12 0.40/12 
cV (kips) 116.7 127.7 121.0 
sV (kips) 327.7 347.3 335.2 
pV (kips) 0 0 0 
psc VVVV ++= (kips) 444.4 475.0 456.2 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1118.9 1118.9 1118.9 
Nominal Shear nV (kips) 444.4 475.0 456.2 
Nominal Load nw (kips/ft) 23.68 25.78 24.47 
Error nun w/|ww| −  2.7% 4.0% 0.16% 
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Table A1.5-4 STD Shear Prediction for G1E 
 STD Prediction 
Concrete Strength 'cf   (ksi) 12.1 
Test Load uw (k/ft) 26.03 
Critical Section (ft) 3.42 
d (in) 68.50 
Shear Force due to test load uV (kips) 561.7 
Moment due to test load uM (k-ft) 1956.2 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 7.378 
Effective prestress pef  (ksi) 159.7 
Total prestress force ppepe AfF =  (kips) 1178.3 
Centroid of strands from the bottom pe (in) 7.76 
Eccentricity of strands from the girder centroid ce (in) 24.36 
Distance between centroids of girder and composite section y (in) 9.48 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 4000.1 
b
d
d S
M
f =  (psi) 92.3 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 5831.7 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1727.2 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 986.7 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 279.9 
)V,Vmin(V cwcic = 279.9 
yf (ksi) 70.0 
sA v  (in
2/in) 0.40/12 
s
dfA
V yvs =  (kips) 159.8 
scn VVV +=   (kips) 439.7 
Nominal Load STDw (kips/ft) 20.38 
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Table A1.5-5 Capacity comparison of predictions and test result of G1E  
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G1E 26.03 24.47 23.14 20.38 1.06 1.12 1.28 
 
Table A1.6-1 First Web Shear Cracking and STD prediction of G1W  
End: G1W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 12.1 
Cracking Load w (k/ft) 18.09 
Cracking Section Location from support  (in) 118.68 
Neutral axis of composite section Ycb (in) 41.60 
Measured crack angle Testθ  (deg) 30 
Cracking shear force at section TestV  (kips) 273.3 
Area of Prestress strands pA  (in2) 7.378 
Effective prestress pef  (ksi) 159.7 
Total prestress force ppepe AfF =  (kips) 1178.3 
Centroid of strands from the bottom pe (in) 12.01 
Eccentricity of strands from the girder centroid ce (in) 20.11 
Distance between centroids of girder and composite section y (in) 9.48 
Self-Weight Moment Md  (k-ft) 234 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1148.2 
d (in) 63.99 
pV (kips) 40.47 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 320.5 
Ratio of cwTest VV 0.85 
Concrete Cracking Strength 'ct ff 4=  (psi) 440.0 
tpcMohr ffcot +=θ 1  1.90 
Mohrθ (deg) 27.8 
Ratio of MohrTest θθ  1.08 
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Table A1.6-2 Stirrup strains of West End (w = 30.09 kips/ft) 
 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
4 -428 -56 3168 3541 7431 3111 N/A 589 812 739 
3 -283 -274 2151 9488 3360 3601 431 1421 2900 23 
2 -353 2085 11257 12408 4011 2329 3257 4063 2027 93 
1 -718 11459 3923 2980 2819 1597 1849 2598 1974 106 
 
Table 1.6-3 LRFD Shear Prediction for G1W 
 Prediction 
Concrete Strength 'cf   (ksi) 12.1 
External Load uw (k/ft) 24.70 
Critical Section (ft) 5.94 
Shear Force uV (kips) 470.9 
Moment uM (k-ft) 3123.6 
Effective prestress pef  (ksi) 159.7 
ed (in) 68.85 
vd (in) 61.96 
'
cfv  0.0957 
1000x ×ε  0.0051 
β  2.91 
θ  24.9 
yf (ksi) 70.0 
sAv  (in2/in) 0.40/12 
cV (kips) 118.9 
sV (kips) 311.5 
pV (kips) 40.47 
psc VVVV ++= (kips) 470.9 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1165.5 
Nominal Shear nV (kips) 471.3 
Nominal Load nw (kips/ft) 24.70 
Error nun w/|ww| −  0 
          
 A1-49
Table A1.6-4 STD Shear Prediction for G1W 
 STD Prediction 
Concrete Strength 'cf   (ksi) 12.1 
Test Load uw (k/ft) 30.09 
Critical Section (ft) 3.42 
d (in) 68.85 
Shear Force due to test load uV (kips) 649.3 
Moment due to test load uM (k-ft) 2261.3 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 40.47 
Area of Prestress strands pA  (in2) 7.378 
Effective prestress pef  (ksi) 159.7 
Total prestress force ppepe AfF =  (kips) 1178.3 
Centroid of strands from the bottom pe (in) 14.73 
Eccentricity of strands from the girder centroid ce (in) 17.39 
Distance between centroid of girder and composite section y (in) 9.48 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 3328.6 
b
d
d S
M
f =  (psi) 92.3 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 4974.5 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1481.2 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 1185.0 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 346.3 
)V,Vmin(V cwcic = 346.3 
yf (ksi) 70.0 
sA v  (in
2/in) 0.40/12 
s
dfA
V yvs =  (kips) 160.6 
scn VVV +=   (kips) 507.0 
Nominal Load STDw (kips/ft) 23.49 
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Table A1.6-5 Capacity comparison of prediction and test result of G1W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G1W 30.09 24.70 23.71 23.49 1.22 1.27 1.28 
 
Table A1.7-1 Loadings for Zurich reading 
Loading  (kips/ft) 0 14.71 18.79 19.96 21.17 22.52 23.67 24.56 
Zurich Stage  1,2 3 4 5 6 7 8 9 
Load Stage  0 1 2 4 5 6 7 8 
 
Table A1.8-1(a): Bulb surface strain of G1W 
G1W Strain(µε ) 
Release(07/22/02) 
Number 
Before After 08/15/02 09/28/02 11/27/02 01/07/03 
1-3 0 -171 -242 -305 -341 -346 
2-4 0 -334 -371 -479 -524 -564 
3-5 0 -661 -712 -787 -836 -871 
4-6 0 -560 N/A N/A -996 -1030 
5-7 0 -798 -1194 -1305 -1387 -1442 
6-8 0 -714 -1098 -1228 -1329 -1374 
7-9 0 -649 -968 -1089 -1189 -1224 
8-10 0 -709 -1055 -1186 -1265 -1310 
9-11 0 -718 -1027 -1150 -1253 -1298 
10-12 0 -725 -985 -1088 -1185 -1225 
11-13 0 -753 -1062 -1167 -1283 -1318 
 
Table A1.8-1(b): Bulb surface strain of G1M 
G1M Strain(µε ) 
Release(07/22/02) 
Number 
Before After 08/15/02 09/28/02 11/27/02 01/07/03 
C1-C3 0 -784 -1134 -1269 -1446 -1471 
C2-C4 0 -781 -1077 -1190 -1325 -1371 
C3-C5 0 -814 -1131 -1254 -1369 -1441 
C4-C6 0 -785 -1186 -1321 -1455 -1507 
C5-C7 0 -815 -1195 -1313 -1444 -1501 
C6-C8 0 -782 -1126 -1243 -1353 -1391 
C7-C9 0 -780 -1113 -1227 -1348 -1396 
C8-C10 0 -803 -1172 -1281 -1406 -1476 
Average 0 -793 -1142 -1262 -1393 -1444 
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Table A1.8-1(c): Bulb surface strain of G1E 
G1E Strain(µε ) 
Release(07/22/02) 
Number 
Before After 08/15/02 09/28/02 11/27/02 01/07/03 
1-3 0 -202 N/A N/A N/A N/A 
2-4 0 -494 -634 -733 -793 -814 
3-5 0 -706 -896 -987 -1050 -1082 
4-6 0 N/A N/A N/A N/A N/A 
5-7 0 -910 -1225 -1350 -1443 -1480 
6-8 0 -851 -1227 -1366 -1514 N/A 
7-9 0 -818 -1176 -1303 -1410 -1458 
8-10 0 -839 N/A N/A N/A N/A 
9-11 0 -832 -1167 -1312 -1423 -1472 
10-12 0 -819 N/A N/A N/A N/A 
 
Table A1.8-2 Strain gage location in confinement cage 
Gage Number 1 2 3 4 5 6 7 8 9 10 
Distance from the end(in) 10 20 30 40 7 22 32 7 22 32 
 
Table A1.8-3: Strains in Confinement Cages (µε ) 
G1E G1W 
Release(07/22/02) Release(07/22/02) Gauge 
before After 08/15/02 09/28/02 
Gauge 
before After 08/15/02 09/28/02 
1 0 -182 134 362 1 0 -160 -241 398 
2 0 -923 -1064 -782 2 0 -652 -747 -211 
3 0 -1054 -1508 -1615 3 0 -803 -1070 -1125 
4 0 -1000 -1427 N/A 4 0 N/A N/A N/A 
5 0 402 565 538 5 0 230 331 434 
6 0 354 989 2307 6 0 271 334 407 
7 0 272 429 392 7 0 258 380 558 
8 0 293 427 459 8 0 234 215 343 
9 0 300 -183 -169 9 0 473 272 N/A 
10 0 335 362 340 10 0 213 374 344 
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Table A1.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G1E & G1W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  8.5 ksi 
Concrete strength at 28 days, 'cf  10.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 5,589 ksi  
Modulus of elasticity of Girder  6,062 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #4 :70 ksi 
#5 :79.3 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A1.9-2 Sectional properties of Girder 1(Design Value) 
Cross-Section Properties G1E & G1W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.707 
Total transformed area of the composite section, Ac 1010 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 665,020 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
42.67 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
30.33 in 
Composite section modulus for the bottom, Sbc 15,585 in3 
Composite section modulus for the top, Stc 21,926 in3 
Weight of composite section 1.180 kip/ft 
 
Table A1.9-3 Prestress losses along the Girder 1 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 16.79 18.05 20.15 22.25 24.36 24.36 24.36 24.36 24.36 24.36 24.36
pESf∆ (ksi) 14.83 15.42 16.52 17.77 19.17 19.14 19.17 19.27 19.43 19.65 19.81
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50
pCRf∆ (ksi) 34.82 36.11 38.51 41.28 44.44 44.34 44.44 44.75 45.27 45.99 46.52
2pRf∆ (ksi) 1.74 1.59 1.32 1.00 0.64 0.65 0.64 0.61 0.56 0.49 0.44
 pTf∆  (ksi) 57.90 59.63 62.85 66.55 70.76 70.63 70.76 71.13 71.76 72.63 73.28
pef     (ksi) 144.6 142.9 139.6 136.0 131.7 131.9 131.7 131.4 130.7 129.9 129.2
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Table A1.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -3.79 -3.87 -4.02 -4.18 -4.35 -4.35 -4.35 -4.38 -4.42 -4.48 -4.52
tf (ksi) -0.16 -0.07 0.09 0.27 0.47 0.46 0.47 0.49 0.53 0.60 0.64
1.2T(kips) 0.0 0.0 3.3 26.4 67.2 65.3 67.2 73.1 83.1 97.2 107.8
 
 
Table A1.9-5 Flexural Strength of Girder 1 ( kips/ft 11.23w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 2599.9 4622.0 6066.4 6933.0 7221.9 6933.0 6066.4 4622.0 2599.9 
c (in) 10.01 10.01 10.01 10.01 10.01 10.01 10.01 10.01 10.01 
ed (in) 58.93 61.03 63.13 65.24 65.24 65.24 65.24 65.24 65.24 
ed/c  0.170 0.164 0.158 0.153 0.153 0.153 0.153 0.153 0.153 
psf (ksi) 257.2 257.6 258.0 258.4 258.4 258.4 258.4 258.4 258.4 
nM (k-ft) 8527.0 8874.4 9221.9 9498.7 9498.7 9498.7 9498.7 9498.7 9498.7 
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Table A1.9-6 Shear Design of Girder 1 ( ksi 5.134fpe = ) 
 G1W G1E 
X (ft) 6.26 
(6.26) 
16.40 
(16.40) 
33.56 
(16.44) 
43.77 
(6.23) 
uw (k/ft) 23.09 23.09 23.11 23.11 
uV (kips) 432.71 198.57 197.82 433.78 
uM (k-ft) 3161.2 6361.8 6375.2 3150.9 
ed (in) 68.85 66.89 68.50 68.50 
vd (in) 61.96 60.20 61.65 61.65 
'
cfv  0.107 0.046 0.0535 0.1173 
1000x ×ε  0.000 0.241 0.2436 -0.0406 
β  2.87 2.59 2.59 2.87 
θ  23.7 30.5 30.5 23.7 
θcotd v (in) 141.15 102.21 104.66 140.44 
cV (kips) 106.62 93.49 95.74 106.09 
pV (kips) 34.08 34.08 0.00 0.00 
reqsV , (kips) 292.00 71.00 102.09 327.69 
yf (ksi) 70 70 70.00 70.00 
reqv )sA( (in2/in) 0.0296 0.0099 0.01 0.03 
Max space s 24 24 24.00 24.00 
Min sAv  0.0086 0.0086 0.01 0.01 
vA  (
2in ) 0.40 0.40 0.40 0.40 
s (in) 12 24 24.00 12.00 
sAv  (in2/in) 0.0333 0.0167 0.02 0.03 
cV (kips) 106.62 93.49 95.74 106.09 
sV (kips) 329.36 119.24 122.10 327.70 
pV (kips) 34.08 34.08 0.00 0.00 
nV (kips) 470.06 246.81 217.84 433.78 
nw (kips/ft) 25.08 28.70 25.45 23.11 
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Table A1.9-7 Interface shear at other locations 
Location (ft) 6.25 16.40 33.56 43.77 
Vu (kips) 433.3 198.7 197.8 433.8 
Vh (kip/in) 6.99 3.30 3.21 7.04 
req’d Avf  (in2/in) 0.0399 0 0 0.0405 
min Avf  (in2/in) 0.03 0 0 0.03 
provided Avf  2-#4@6 None None 2-#4@6 
               (in2/in) 0.067   0.067 
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Figure A1.1-1 Elevation of Girder 1 Showing Reinforcement 
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Figure A1.1-2 Details of Reinforcement of Girder 1 
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Figure A1.3-1 Loading Pattern of East End Test (G1E) 
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Figure A1.3-2 Loading history of East End Test (G1E) 
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Figure A1.3-3 Loading Pattern of West End Test (G1W)  
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Figure A1.3-4 Loading history of West End Test (G1W) 
 
 A1-59
 
       West End                                                           Midspan                                                                   East End 
 
(a) Load Stage 1 (Load: 14.71 kips/ft) 
 
(b) Load Stage 2  (Load: 18.79 kips/ft) 
 
(c) Load Stage 3  (Load: 19.11 kips/ft) 
 
(d) Load Stage 4  (Load: 19.96 kips/ft) 
 
(e) Load Stage 5  (Load: 21.17 kips/ft) 
 
(f) Load Stage 6 (Load: 22.52 kips/ft) 
 
(g) Load Stage 7 (Load: 23.67 kips/ft) 
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(h) Load Stage 8 (Load: 24.56 kips/ft) 
 
(i) Load Stage 9 (Load: 26.03 kips/ft) 
 
(j) Load Stage 10 (Load: 26.59 kips/ft) 
 
(k) Load Stage 11 (Load: 27.44 kips/ft) 
 
(l) Load Stage 12 (Load: 28.75 kips/ft) 
 
(m) Load Stage 12 (Load: 30.09 kips/ft) 
 
Figure A1.4-1 Crack patterns of Girder 1 
  
 
 
 
 A1-61
      
Figure A1.4-2 Diagonal Cracking of G1E in Load Stage 1 
  
 
Figure A1.4-3 Diagonal Cracking of G1E in Load Stage 2 
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Figure A1.4-4 Diagonal Cracking of G1W in Load Stage 3 
 
  
Figure A1.4-5 Diagonal Cracking of Girder 1 in Load Stage 4 
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Figure A1.4-6 Diagonal Cracking of Girder 1Load Stage 5 
 
Figure A1.4-7 Sign of Local Crush of G1E at Load Stage 6 
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Figure A1.4-8 Sign of Local Crush of G1E at Load Stage 7 
 
Figure A1.4-9 Sign of Local Crush of G1E at Load Stage 8 
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Figure A1.4-10 Failure of East end (G1E) 
  
 
Figure A1.4-11 Repair of East End (G1E) 
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Figure A1.4-12 Shear Slip of West Web in Load Stage 10  
 
Figure A1.4-13 Local Crushing in West End  
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Figure A1.4-14 Failure of West End of Girder 1 
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Figure A1.5-1 Location of first cracks for East End (G1E) 
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Figure A1.5-2 Crack Angle Distribution at G1E 
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Figure A1.5-3 Shear Force versus Shear Strain Curve of East End Region (G1E) 
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Figure A1.5-4 Strains of Shear Reinforcements of East End (G1E) 
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Figure A1.5-5 Strand slips of East End  
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Figure A1.5-6 Vertical Deflections of East End Test 
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Figure A1.5-7 Longitudinal Strains of East End Test 
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(b) 
Figure A1.5-8 Reinforcement Strains in Bottom Cage of G1E 
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Figure A1.5-9 Location of Strain Gages on Longitudinal Bars (East end) 
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Figure A1.5-10 Longitudinal Reinforcement Strains of Bottom Bars at G1E 
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G1E:  f΄c = 12.1 ksi; 2-#4@12, ρvfy = 389 psi; w = 26.03 kips/ft; R = 572.7 kips 
Figure A1.5-11 Failure Mode of G1E 
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Figure A1.6-1 Location of first cracks for West End (G1W) 
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Figure A1.6-2 Crack Angle Distribution at G1W 
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Figure A1.6-3 Shear Force versus Shear Strain Curve of West End Test(G1W) 
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Figure A1.6-4 Strains of Shear Reinforcements of West End (G1W) 
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Figure A1.6-5 Strand slips of West End  
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Figure A1.6-6 Vertical deflections of the West End Test 
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Figure A1.6-7 Longitudinal strains of West End Test 
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(b) 
Figure A1.6-8 Reinforcement Strains in Bottom Cage of G1W 
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Figure A1.6-9 Failure Mode of G1W 
 
 
 
Figure A1.7-1 Target Numbers and Locations 
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Figure A1.7-2 Deformation of Zurich Grid at East Half of Girder 1 (Unit: mm, w = 24.56 kips/ft) 
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Figure A1.7-3 Deformation of Zurich Grid at West Half of Girder 1 (Unit: mm, w = 24.56 kips/ft) 
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Figure A1.8-1 Surface strain of Girder 1 
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Figure A1.8-2 Strain gages in confinement cage 
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Figure A1.9-1 Cross-Sectional Dimensions of Girder 1 
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Figure A1.9-2 Loading set-up 
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(a) Strand pattern of Girder 1 
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Figure A1.9-3 Tendon profile of Girder 1 
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Figure A1.9-4 Flexural Strength of Girder 1 
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Figure A1.9-5 Shear Design of Girder 1 
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Figure A1.9-6 Confinement Reinforcement 
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Figure A1.9-7 Shrinkage and Temperature Reinforcement 
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A2 Presentation of Experimental Results for Girder 2 
A2.1 Introduction 
The objectives of the tests on Girder 2 were to investigate: (1) shear behavior under a 
high shear stress level; and (2) the influence of strand draping on shear performance. Girder 2 
was designed for a shear stress of 1.7 ksi at the first critical shear section from each support and 
was cast with a specified concrete compressive strength of 10 ksi. The same size and spacing of 
shear reinforcement was used in both halves of the girder and this consisted of #5 doubled legged 
deformed bars at 11 inch spacing in the regions of high shear stress. A total of 40 0.6-inch 
diameter strands were used, with 38 strands in the bottom bulb and lower web and 2 straight 
strands in the top flange. Of the 38 bottom strands, six strands in the West end (G2W) were 
draped. It was anticipated that the use of draped strands in the West end (G2W) would result in 
an increase in shear capacity due to the vertical component of force in the strands. Figures A2.1-
1 and A2.1-2 show the reinforcement layout. Girder 2 was designed to satisfy the requirements 
of the AASHTO LRFD Bridge Design Specifications (2nd Edition) with 2001 Revisions and a 
summary of the design of the girder is provided in Section A2.9. 
A2.2 Measured Material Properties and Cross-Section Properties 
Girder 2 was cast on 07/14/2002 and the strands were released on 07/22/2002. The girder 
was loaded until the East end failed on 06/18/2003.  The East end was repaired and the girder 
was reloaded until the West end failed on 06/26/03. The measured cylinder compressive strength 
was 12.6 ksi. Table A2.2-1 summarizes the measured material properties.  The effective stress in 
the prestressing strand at the time of testing was calculated to be 150.2 ksi.  That value is based 
on the measured surface deformations of the bulb as described in Section A2.8.1 and the 
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additional losses that were expected to occurr between the last measurement and the start of 
testing, as described in A2.8.1. Table A2.2-2 presents the properties of the cross section. 
Composite section properties were computed based on the transformed slab width and using the 
calculated modulus of elasticity of the precast girder. 
A2.3 Loading History 
Girder 2 was loaded on June 17, 2003 and reloaded on June 18, 2003 until the East end 
failed. The East end was repaired and strengthened and the girder as a whole was reloaded on 
June 25, 2003 and  June 26, 2005 until West end failed.  
A2.3.1 Test Loads Before East End Failure  
Girder 2 was loaded using 44 jacks distributed over the central 44 feet of the span, as 
illustrated in Figure A2.3-1. The girder was unloaded before first failure after the maximum load 
reached 28.94 kips/ft. The following day the girder was reloaded using the same loading pattern 
until the East End (G2E) failed at a load 33.79 kips/ft. Figure A2.3-2 shows the whole loading 
history up to the East End failure. Loading stages 1 through 6 are indicated on the loading curves. 
A2.3.2 Test Load for West End (G2W)  
After the East end failed, that end was repaired by adding a concrete diaphragm between 
the girder flanges and by vertically post-tensioned the web and diaphragm with high-strength 
bars. Girder 2 was reloaded on June 25, 2003 using the same loading pattern as used for the East 
end test, as shown in Figure A2.3-3. The maximum load reached that day, without failure, was 
38.34 kips/ft. The girder was reloaded on June 26, 2003 until the West End (G2W) failed under a 
distributed loading of 38.74 kips/ft. The complete loading history is shown in Figure A2.3-4. 
Loading stages 6 through 8 are identified on the curves. 
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A2.3.3 Loading Stages 
As identified on then loading history curves, a total of 8 loading stages were used over 
the duration of the test. Table A2.3-1 lists the maximum load value for each stage. Also listed in 
the Table A2.3-1 are the reaction forces RWest of the West support and REast of the East support, 
as well the mid-span moment MMid corresponding to that stage loading level. 
A2.4 Behavior of Girder 2 
Figure A2.4-1 shows the crack patterns measured at each load stage. Beneath each crack 
diagram is reported the associated maximum load value. Table A2.4-1 presents a summary of the 
development of cracking. For each load stage the maximum crack widths are presented for the 
web-shear zone (WS) and the flexure-shear zone (FS) of both ends as well as the flexure cracks 
(F) in the bottom bulb. The crack widths are given in the measured units of mm. A description 
follows of the observed behavior of the girder at each stage. 
(1) Load Stage 1 (w = 18.79 kips/ft) 
The first diagonal cracks occurred abruptly at the East end at a load of 18.51 kips/ft and 
at an angle of approximately 38 degrees, as shown in Figure A2.4-2. The crack widths were 0.1 
to 0.4 mm. There was no observed cracking at the West end. 
 (2) Load Stage 2 (w = 21.74 kips/ft) 
Additional cracking occurred at the East end and the maximum crack width at that end 
reached 0.40 mm. Cracking occurred at the West end at a load of 21.74 kips/ft and at an angle of 
37 degrees. The maximum crack width was 0.30mm.  Figure A2.4-3 shows the state of cracking 
at load stage 2 at both the West and East ends. 
 (3) Load Stage 3 (w = 25.94 kips/ft) 
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As shown in Figure A2.4-4, additional shear cracking occurred at both ends as the load 
increased, and this cracking consisted of both the formation of new cracks and the extension of 
existing cracks. The maximum shear crack widths were 0.45 mm (G2E) and 0.40 mm (G2W). 
Figure A2.4-4 shows that flexural cracking occurred first near mid-span in this load stage. The 
maximum flexural crack width was 0.05 mm. 
 (4) Load Stage 4 (w = 28.94 kips/ft) 
The diagonal cracks spread towards mid-span. Maximum shear crack widths were 0.45 
mm (G2E) and 0.4 mm (G2W). In load stage 4, flexure-shear cracks formed close to the middle 
of the girder. See Figure A2.4-5. The maximum flexural crack width reached 0.10 mm. 
 (5) Load Stage 5 (w = 30.36 kips/ft) 
When the load reached 30.36 kips/ft, cracks covered almost the entire span as shown in 
Figure A2.4-1 (e). The maximum shear crack widths were 0.6 mm (G2E) and 0.5 mm (G2W). 
Figure A2.4-6 shows the state of cracking at this load stage at both the West and East ends.  
 (6) Load Stage 6 (w = 33.79 kips/ft) 
The East end of the girder failed under a load of 33.79 kip/ft with little warning. As shown 
in Figure A2.4-7, the bottom of the web failed explosively from the end of the girder to about 
15ft. from the support. There was no visible sign of local web crushing prior to failure, but 
failure was preceded by sounds that lasted a few seconds and indicated non-visible propagation 
of web crushing. Moreover, immediately before the peak load was reached, strand slip greatly 
increased and that slip is considered to have actually led to the failure of the East end of girder. 
After web crushing, all the stirrups in the area of crushing were bent due to sliding of the web 
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relative to the bottom flange. Figure A2.4-8 shows that the amount of web sliding after failure 
was about 2.5 inches.  
(7) Repair of East end 
After the East end failed, the girder was completely unloaded and the damaged area 
strengthened with the use of an 18-foot long diaphragm and external shear reinforcement. See 
A2.4-9. This strengthening was to permit loading of the girder beyond the previous load level 
and until failure of the West end. 
 (8) West End Test (Load Stages 7 and 8 ) 
After Girder 2 was strengthened at its East end, it was reloaded again on Jun. 25, 2003. 
The West end of the girder failed under a loading of 38.74 kip/ft in a similar manner to East end 
with crushing along the intersection of the bottom web and the lower bulb. As shown in Figure 
A2.4-10, the web crushing extended further from the support and  higher into the web than in the 
East end. After web crushing, all the stirrups in the failure area were bent due to the large sliding 
displacement that occurred along the web crushing plane, as shown in Figure A2.4-11. 
A2. 5 Experimental Results for East End (G2E) 
A2.5.1 Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 18.51 
kips/ft. The first crack crossed the centroid of the composite section ( in 87.43=cby ) at an angle 
of 38 degrees and at a longitudinal distance of 58.44 inches from the extreme East end (46.44 
inches from the center line of the East support). See Figure A2.5-1.  Table A2.5-1 presents the 
 A2-6
calculations for comparing the measured and predicted web-shear cracking loads. Web-shear 
cracking occurred at a shear force of VTest of 391.2 kips, while the calculated AASHTO STD 
web-shear cracking load Vcw was 272.7 kips, for a shear cracking strength ratio of VTest/Vcw = 
1.43. Table A2.5-1 also compares the angle of measured and calculated diagonal cracking. The 
measured cracking angle was ӨTest = 38 degree while the predicted cracking angle from elastic 
stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr = 29.6 
degree, for a crack angle ratio of ӨTest/ӨMohr is 1.28.   
(2) Distribution of Shear Crack Angles 
Figure A2.5-2 illustrates the distribution of shear crack angles for the East half of Girder 
2 (G2E). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroid axis of the composite section. The shape of the angle distribution is close to a parabolic 
curve. The crack angle was close to 45 degree near the support, then decreased to 25 degrees in 
the first shear design regions, then went back up to 45 degree in the flexure shear cracking zone 
and then increased to the expected 90 degrees near mid-span where only flexural cracking 
occurred. 
A2.5.2 Web Shear Strains 
A total of nine LVDTs were attached to the surface of the web to measure the web shear 
strains of the end regions. Those LVDTs were grouped in 3 rectangular rosettes, with one rosette 
placed at the East end and two at the West end, as shown in Figure A2.5-3. ED1, ED2 and ED3 
were LVDTs at the East end. The gage lengths of the LVDTs were all 48 inches. Therefore, the 
strain computed from an LVDT displacement was an average strain over a distance of 48 inches.  
From the two diagonal strains 1diagonalε  and 2diagonalε , the average shear strain γ of that region can 
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be computed for each rosette as )( 2diagonal1diagonal ε−ε=γ .  Gage ED3 did not work during the test, 
so no shear strain curve was obtained for the East end. Figure A2.5-3 shows the load-strain 
curves for ED1 and ED2. 
A2.5.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S9 through S16 were placed in the East half of the girder, as shown 
in Figure A2.5-4. Figure A2.5-4 also shows the load-strain curves for the East end up to the peak 
load. It should be noted that the values shown are not the actual strains in the stirrups, but the 
change in strains resulting from the externally applied load since the gages readings were set to 
zero prior to loading. That said, the vertical strains in the stirrups due solely to the effects of 
prestressing have been measured in other girders and calculated by analyses to be very small. 
The stirrup yield strains were approximately 2400 micro-strain. Table A2.5-2 presents the stirrup 
strains for each gage under the peak load of 33.79 kips/ft. Gage 2 on stirrups 9 and 12 reached 
yielding prior to failure. 
A2.5.4 Strand Slip of East End (G2E) 
Strand slips were measured by LVDTs attached to the strands at both ends of the girder. 
Figure A2.5-5 shows the strand slip curve for the East end.  Significant slip was observed after 
the peak load of 33.79 kips/ft was reached. The maximum slip was 0.025 inches.  
A2.5.5 Vertical Deflections During East End Test 
The deflections of the girder were also measured using LVDTs at five locations, as 
shown in Figure A2.5-6. The deflections reached maximum values under the peak load of 33.79 
kips/ft. The deflections were 0.240 in (V1), 1.871 in (V2), 3.136 in (V3), 1.952 in (V4), and 
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0.271 in (V5).  The shape of the load-deflection curve suggests that failure occurred before the 
prestressing strands at mid-span yielded.  
A2.5.6 Longitudinal Strains 
Longitudinal strains were measured using LVDTs that were attached at four different 
locations as shown in the Figure A2.5-7. The calculated strain is the average strain over a 
distance of 48 inches. The longitudinal strains at peak load (33.79 kips/ft) were 302µs  (H1), 
3354µs  (H2), 263 µs  (H3) and -564 µs  (H4). The maximum compressive strain at mid-span of 
slab (H4) was only 564 µs . The maximum tensile stress in the bottom bulb at the mid-span (H2, 
3354µs ) corresponds to a prestress increment of ksi 6.9510335428500 6 =×× − , which indicates 
that the prestressing strands at mid-span were close to their yield point at failure since 150.2 + 
95.5 = 245.7 ksi is close to fpy = 243.0 ksi. 
A2.5.7 Reinforcement strains in the Bulb Confinement Cage at G2E 
A confinement cage was used to encompass the strains in the bottom bulb over a distance 
of 100 inches from each end. A total of 10 strain gages were attached on the cage, see Figure 
A2.8-2. Four strain gages, numbered 1 – 4, were used to measure the longitudinal strains, and the 
rest of the gages, numbered 5 – 10, were used for measuring transverse strains. Gages 5-7 were 
located on the inclined reinforcement near the top of the bottom bulb while gages 8-10 were 
located along the bottom bulb. Table A2.8-2 presents the detailed gage locations in the cage. 
Table A2.8-3 presents the results from the strain measurements that were taken before the test.  
Figure A2.5-8(a) presents the development of longitudinal strains in the confinement cage. At 
the failure load 33.79 kips/ft, the measured tensile strains of gages 1 and 2 were 1857 µs 3714 µs 
respectively.  
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Figure A2.5-8(b) presents the development of measured transverse strains in the 
confinement cage. During the test gages 7 and 10 were in compression while gages 8 and 9 were 
in tension. With increasing load, gage 6 initially measured compressive straining and then tensile 
straining. At the failure load of 33.79 kips/ft, the measured tensile strains were 782 µs (gage 6), 
204 µs (gage 8), and 282 µs (gage9). The maximum compression strains were -142 µs (gage 6, 
20.05 kips/ft ), -109 µs (gage 7, 26.41 kips/ft) and -75 µs (gage 10, 29.77 kips/ft). 
A2.5.8 Longitudinal Reinforcement strains of bottom bars at G2E 
Four #8 deformed bars were used in G2E to provide the longitudinal tension capacity 
required by the LRFD specifications. Four strain gages were attached on one of the bars to 
measure the longitudinal reinforcement strains, as shown in Figure A2.5-9. Figure A2.5-10 
presents the development of longitudinal strain in these bars and as shown all gages increased in 
tension with increasing load. At the load level around 18.79 kips/ft, the load versus strain 
response became non-linear with tensile strain values at 301 µs (gage 1), 246 µs (gage 2) and 
157 µs (gage 3). At the failure load 33.79 kips/ft, the measured tensile strains were 1074 µs 
(gage 1), 859 µs (gage 2) and 544 µs (gage 3).  
A2.5.9 Failure Mode of G2E 
When the external load reached 33.79 kips/ft for which the corresponding support 
reaction force was 743.4 kips, G2E failed in an explosive manner due to crushing and splitting of 
the base of the web. Stirrup strains above yield strain were measured in some stirrups before 
failure and most other gages were measuring strains close to yielding under the peak load. The 
failure began with concrete spalling with a small area in the web base above the inner face of the 
support. After this, continuous splitting noises indicated that failure was eminent. The end then 
failed in a sudden and explosive way. The web bottom crushed along the web-bulb interface 
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along a zone that was 160-inch long and 18-inch high, as shown in Figure A2.5-11. All strands 
and stirrups in this zone were exposed. In the failure the upper web slid in the direction of the 
end of the member and the maximum slip was 2.5 inches. Prior to failure, the web shear cracking 
was fully developed and no more new web shear cracking occurred as failure approached. The 
crack spacing of web shear cracks was 5 inches and the maximum width was 2.0 mm just before 
failure. Small amount of shear slip along shear cracks were observed before failure, and was 
more apparent after failure. The shear slip occurred with the downward relative movement of the 
upper part along shear cracks. Very significant slippage along cracks began shortly before failure 
and reached 0.02 inches just before failure occurred. The top flange was not damaged in the test. 
Except for a small crack that extended into the support, the bottom bulb was also undamaged. 
A2.5.10 Ultimate Shear Capacity of G2E 
Under the typical loading pattern, as shown in Figure.A2.2-1, G2E failed when the 
distributed load reached 33.79 kips/ft. This section compares this measured capacity with the 
capacity calculated using LRFD, STD and R2K. 
LRFD: An iterative procedure is required to determine the LRFD calculated shear 
capacity. The shear capacity for the provided level of shear reinforcement provided can be found 
by linearly interpolating between the values of Vn corresponding to two consecutive cells in 
Table 5.8.3.4.2-1 of the LRFD code, where one cell corresponds to more transverse 
reinforcement than was actually provided while the adjacent cell corresponds to the condition of 
less reinforcement than was actually provided. Table A2.5-3 presents the detailed procedure for 
calculating the LRFD shear capacity. The critical section is x = 5.68 ft from the East support. 
The LRFD calculated shear capacity at the critical section is 677.8 kips, which corresponds to an 
external load of wLRFD = 35.08 kips/ft for the same loading pattern as the test load. 
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R2K: For the same critical section, the R2K calculated nominal shear capacity is 712.9 
kips, which corresponds to an external load of wR2K = 36.90 kips/ft for the same loading pattern 
as the test load.  
STD: Table A2.5-4 summarizes the calculations for the AASHTO Standard nominal 
capacity. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support. Then the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the East support. The capacity calculated using the AASHTO STD at the critical 
section is 573.1 kips, which corresponds to a load wSTD = 26.56 kips/ft for the same loading 
pattern as the test load. 
Table A2.5-5 compares the measured capacity and the calculated capacities using LRFD, 
STD and R2K. 
A2. 6 Experimental Results for West End (G2W) 
A2.6.1 Shear Cracking at West End 
(1) First Web Shear Cracking at West End 
The first diagonal cracks occurred in the West end of the girder under a loading of 21.74 
kips/ft. The first crack crossed the centroid of the composite section ( in 87.43=cby ) at an angle 
of 37 degrees and at a longitudinal distance of 76.08 inches from the extreme West end (64.08 
inches from the center line of the West support). See Figure A2.6-1.  Table A2.6-1 presents the 
calculations for comparing the measured and predicted web-shear cracking loads. Web-shear 
cracking occurred at a shear force of VTest of 427.5 kips, while the calculated AASHTO STD 
web-shear cracking load Vcw was 334.9 kips, for a shear cracking strength ratio of VTest/Vcw = 
1.28. Table A2.6-1 also compares the angle of measured and calculated diagonal cracking. The 
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measured cracking angle was ӨTest = 37 degree while the predicted cracking angle from elastic 
stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr = 28 degree, 
for a crack angle ratio of ӨTest/ӨMohr is 1.32.   
(2) Distribution of Shear Crack Angles 
Figure A2.6-2 illustrates the distribution of shear crack angles for the West half of Girder 
2 (G2W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroid line of the composite section. The shape of the angle distribution is close to a parabolic 
curve. The crack angle was close to 45 degree near the support, then decreased to 27 degrees in 
the first shear design regions, then went back up to 45 degree in the flexure shear cracking zone 
and then increased to the expected 90 degrees near mid-span where only flexural cracking 
occurred. 
A2.6.2 Web Shear Strains 
A total of nine LVDTs were installed on the surface of the web to measure the shear 
strains of the end region. Those LVDTs were grouped into three rectangular rosettes, one placed 
at the East end and two placed at the West end, as shown in Figure A2.6-3. Group WD1, WD2, 
WD3 and Group WD4, WD5, WD6 were installed at the West End. The gage lengths for the 
LVDTs were all 48 inches so the strain computed from the LVDT displacements is an average 
strain over a distance of 48 inches.  From the two diagonal strains 1diagonalε  and 2diagonalε , the 
average shear strain γ of that region can be computed for each rosette as )( 2diagonal1diagonal ε−ε=γ .  
Figure A2.6-3 presents the development of measured shear straining for the West end region. 
Note the shear force V was calculated for the section at the center point of the rosette. The 
response becomes non-linear after first cracking. The slope for the elastic stage is about 0.85 
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kips/µs for the group of WD1 and WD3. Under the failure load w = 38.74 kips/ft, the shear force 
and shear strain are V = 781.3 kips, γ = 3777 µs (WD1 and WD3). 
A2.6.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S8 were placed in the West half of the girder, as shown 
in Figure A2.6-4. Figure A2.6-4 also shows the load verses measured stirrups strains for the 
West end up to the peak load. The values given are not the actual strains in the stirrups, but 
represent the change in strain resulting from the externally applied load since the gage readings 
were set to zero prior to loading. That said, the vertical strains in the stirrups due solely to the 
effects of prestressing have been measured in other girders and calculated by analyses to be very 
small. The stirrup yield strains were approximately 2400 micro-strain. 
Table A2.6-2 lists the stirrup strain in each gage under the peak load of 38.74 kips/ft. 
Multiple gages on multiple stirrups had strains in excess of the stirrup yield strain at the time of 
failure.  At failure, the extent of stirrup yielding for the West end was considerably greater than 
the extent of stirrup yielding for the East end.  
A2.6.4 Strand Slip of West End (G2W) 
Strand slips were measured by LVDTs attached to the strands at both ends of the girder. 
Figure A2.6-5 presents the development of slip as a function of loading at the West end of the 
girder. Slip was not observed prior to failure of the East end at a load of 33.79 kips/ft.  Strand 
slips of were 0.01 inch had been reached by the end of load stage 7 (38.34 kips/ft).  However, 
significant slips occurred once the load peaked at 38.74 kips/ft and the maximum slip reached 
0.027 inches.  
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A2.6.5 Vertical Displacements during West End Test 
After completion of the East end test, gages V1 and V2 were removed and only the 
deflections for the West half (V3, V4 , and V5) were measured.. Figure A2.6-6 shows the load-
deflection curves for the West end test. The deflection at mid-span (V3) under the failure load of 
38.74 kips/ft) was 5.50 in (V3).  The shape of the load-deflection curve suggests that the 
prestressing steel near mid-span reached yielding shortly before failure. 
A2.6.6 Longitudinal Strains during West End Test 
After completion of the East end test, longitudinal strains were measured only for the 
West half part of the girder. Figure A2.6-7 presents the development of measured longitudinal 
strain at locations H2, H3 and H4. The strain shown is the average strain over a distance of 48 
inches. The longitudinal strains at peak load (38.74 kips/ft) were 7612µs  (H2), 617 µs  (H3) and 
-582 µs  (H4). The maximum compressive strain at mid-span of slab was only 582µs (H4). The 
maximum tensile strain in the bottom bulb at the mid-span (H2, 7611µs ) implies that the 
prestress strands had yielded at that location prior to failure since 
s 76111 s 325628500/)2.1500.243(E/)ff( ppepy µ<µ=−=− . 
A2.6.7 Reinforcement strains in the Bulb Confinement Cage at G2W 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end. A total of 10 strain gages were attached on the cage, see 
Figure A2.8-2. Four strain gages, numbered 1 – 4, were used to measure the longitudinal strains, 
and the remaining gages, numbered 5 – 10, were used for measuring transverse strains. Gages 5-
7 were located on the inclined reinforcement near the top of the bottom while gage 8-10 were 
located along the bottom bulb.  Table A2.8-2 lists the detailed gage locations in the cage. Table 
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A2.8-3 presents the sets of strain measurements taken before test. Figure A2.6-8(a) presents the 
development of measured longitudinal strains versus load for the confinement cage. Gage 2 
exhibited very high tensile strain during the test and the strain reached 5880 µs at the failure load 
of 38.74 kips/ft. After the peak load the strain of gage 2 exceeded 8000 µs.  
Figure A2.6-8(b) presents the measured transverse strains versus load for the confinement 
cage. During the test, gages 5, 7 and 10 measured only compressive straining while gages 8 and 
9 measured tensile strains. With increasing load gage 6 first measured compressive straining 
followed by tensile straining. At the failure load of 38.74 kips/ft, the measured tensile strains 
were 1600 µs (gage 6), 1229 µs (gage 8), and 1036 µs (gage9). The measured maximum 
compression strains were -293 µs (gage 5, 28.50 kips/ft), -181 µs (gage 6, 27.43 kips/ft), -155 µs 
(gage 7, 32.45 kips/ft) and -100 µs (gage 10, 30.05 kips/ft). 
A2.6.8 Failure Mode of G2W 
When the external load reached 38.74 kips/ft, with the corresponding reaction force being 
852.1 kips, G2W failed in a very explosive manner due to web base crushing. Most stirrups had 
already yielded well before failure. Just prior to failure, the concrete in a small area of the web 
above the support began to split from the web surface. Continuous splitting noise was heard as 
failure approached. Then suddenly the bottom web exploded and the small, split and crushing 
concrete flew from the girder. A crushed zone was formed after failure as shown in Figure A2.6-
9. The crushed zone was 186-inch long from the very end and 25-inch high from the interface of 
the web and bottom bulb. A large segment of the bottom web was completely crushed or missing 
and the overall section height decreased by around 10 inches. Strands and stirrups in the crushed 
zone were exposed. The web had moved longitudinally outwards relative to the bottom bulb so 
the stirrups were significant bent throughout this region. The web shear cracking was fully 
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developed prior to the final loading segment so no additional web-shear cracking was observed 
as failure approached. The spacing of the web shear cracks was 4 inches and the maximum crack 
width was 2.0 mm just before failure. Very small amount shear slip was observed with the upper 
part slipping downward. Slippage of strands occurred at the beginning of the failure and reached 
0.025 inches after failure. The top flange was not damaged in the test. No damage was observed 
in bottom bulb except that some cracks extended into the support. 
A2.6.9 Ultimate Shear Capacity of G2W 
Under the typical loading pattern, as shown in Fig.A2.3-3, G2W failed when the 
distributed loading reached 38.74 kips/ft. This value is now compared with the capacity 
calculated using the LRFD and STD specifications as well as R2K. 
LRFD: Table A2.6-3 presents the values of β and θ from which the LRFD concrete and 
shear reinforcement contributions are determined. An iterative procedure is required to evaluate 
the LRFD calculated shear capacity. The shear capacity corresponding to the shear reinforcement 
provided can be found by linearly interpolating between the values of Vn corresponding to two 
consecutive cells in Table 5.8.3.4.2-1 of the LRFD specifications, where one cell corresponds to 
the case of more transverse reinforcement than was actually provided while the adjacent cell 
corresponds to the case of less reinforcement than actually provided. The critical section is x = 
5.25 ft from the West support. The LRFD calculated capacity at the critical section is 662.9 kips, 
which corresponds to an external load of wLRFD = 33.56 kips/ft for the same loading pattern as 
the test load. 
R2K: For the same critical section as in LRFD prediction, the R2K program predicts a 
nominal shear capacity 742.0 kips, which corresponds to an external load of wR2K = 37.57 
kips/ft for the same loading pattern as the test load. 
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STD:  Table A2.6-4 presents the calculations for the AASHTO Standard specifications 
method for evaluating shear strength. AASHTO STD gives the location of the critical section as 
h/2 from the face of the support. That critical section is located at x = 73/2 + 4.5 = 41 inches = 
3.42 ft. from the center of the West support. The capacity calculated using the AASHTO STD at 
the critical section is 641.9 kips, which corresponds to an external load of wSTD = 29.74 kips/ft 
for the same loading pattern as the test load. 
Table A2.6-5 compares the measured capacity and the calculated capacities using LRFD , 
STD and R2K. 
A2.7 Zurich Gage Measurement  
A total of 315 aluminum targets were glued to the surface of the web in square grids prior 
to loading to measure the surface deformation of the web of Girder 2. Figure A2.7-1 shows the 
5-line and 63-column grid. The spacing between two adjacent targets is 10 in (254mm). The 
Zurich Gage Measurement System was used to take readings for different load levels during the 
experiment. Table A2.7-1 summarizes the load levels, at which the Zurich measurements were 
taken. The first two sets of measurements were taken before test without superimposed loading 
for calibration and error assessment. Figures A2.7-2 and Figure A2.7-3 present the change in 
distance measured between the targets at the last set of collected Zurich gage data at each end 
prior to failure. The value on the line segment is the deformation between those two targets. The 
unit of the deformation is millimeters (mm). 
A2.8 Measurements Before Test for Girder 2  
Girder 2 was cast on July 14, 2002, and its prestressing tendons were cut on July 22, 
2002. Strain and displacement measurements were taken before and after strand release to obtain 
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the effects of strand release on the strains and internal deformations of the girder. Additional sets 
of measurements were taken at later dates to monitor time-dependent changes. The last set of 
readings was taken after top slab casting and before test on January 07, 2003. The following 
sections present the measured strains and displacements.  
A2.8.1 Surface Deformations of the Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 2 by locating 
targets at both ends and near mid-span of the girder. The spacing between two measurement 
targets was 10 inches, but overlapping sets of targets were used so as to provide a measurement 
of average strain every 5 inches. The first target on each end was located at 3 inches from that 
end. Table A2.8-1 and Figure A2.8-1 present the detailed results of surface strains measured on 
Girder 2. Figure A2.8-1 shows the distributions along the girder of the total strain at different 
dates. The plots have been organized so that the strain profile can be seen from the front 
elevation view perspective. The average compressive strains in the mid-span region after release 
and before test were -781µε  and -1721µε , respectively. Thus the average prestress through 
01/07/03 can be estimated as: 
                                    ksi 0.4910172128500f 6Loss =××=∆ −  
There were 161 days between the last measurement on 01/07/03 and the start of test on 
06/18/03. During this period additional losses must have occurred due to creep and shrinkage. 
The information on prestress losses in the Figure 3.12.3 through Figure 3.12.6 of the PCI Design 
Handbook, 5th Edition, combined with the individual loss predictions from the LRFD 
specifications were used to calculate that additional loss as 3.35 ksi. Therefore, an average 
effective prestress at time of testing was calculated to be: 
                                    ksi 2.15035.30.495.202fpe =−−= . 
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The strain profile also suggests that the transfer length is about 23 inches.   
A2.8.2 Strains in the Bottom Cages 
Ten strain gages were attached to the confinement cage of the girder.  Figure A2.8-2 
shows their locations and identifiers. Table A2.9-2 lists the distance from the end of the girder to 
the location of each gage. Gages 1 through 4 were used for measuring longitudinal strains, while 
gages 5 through 10 gages were used for measuring transverse strains in the confinement 
reinforcement. The detailed results of the measured strains for Girder 2 are shown in Table A2.8-
3. 
A2.9 Design of Girder 2 
A2.9.1 Introduction 
Girder 2 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu, over a 50-foot simple span such that the shear stress at 
the first critical shear section 0.5dvcotθ from the face of the support was equal to 0.18 'cf  = 
0.18(10) = 1.80 ksi. A 42-inch wide and 10-inch deep slab was made composite with the girder. 
The member was designed to satisfy all of the requirements of the AASHTO LRFD Bridge 
Design Specifications 2ND Edition with 2001 revisions. A brief summary of the design of Girder 
2 is presented here. For a complete description of the design procedure, see section A1.9 of 
Appendix A1. 
A2.9.2 Materials 
The properties of the material used in the design of Girder 2 are shown in Table A2.9-1 
A2.9.3 Cross-Sectional Properties 
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Figure A2.9-1 presents the dimensions of the cross section and Table A2.9-2 lists the 
cross-section properties. Since the girder and the slab had different concrete strength, the 
composite section properties were computed based on the transformed slab width and using the 
calculated modulus of elasticity of the precast girder. 
A2.9.4 Load and tendon profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A2.9-2. Figure A2.9-3 shows the as-designed tendon profile for Girder 2.  
A2.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
Table A2.9-3 lists the calculated prestress losses along the length of the girder. All 
locations are measured from the extreme end of the girder. The calculated final average effective 
prestress stress ksi 9.125fpe = . 
A2.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
Concrete stresses immediately after transfer were calculated and are given in Table A2.9-
4. All locations shown in this table are measured from the extreme end of the girder. 
A2.9.7 Flexural Strength Design 
 Table A2.9-5 presents the flexural strength design of the girder for an ultimate load 
of kips/ft 06.33w u = for selected locations along the length of the Girder 2. These locations are 
measured from the left support. Figure A2.9-4 also shows the resulting moment curves for 
ultimate design moment and nominal flexural strength.  
A2.9.8 Shear Design of Girder 2 
Calculations for the shear design of Girder 2 are summarized in Table A2.9-6 and Figure A2.9-5.  
A2.9.9 Drawings of Girder 2 
Figure A2.9-6 through Figure A2.9-8 present the fabrication drawings for Girder 2.  
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Table A2.2-1 Measured Materials Properties of Girder 2 
Materials G2E & G2W 
Deck Slab  
Concrete strength, 'cf  8.6 ksi  
Modulus of elasticity of slab Ec 5,622 ksi 
Precast Girder  
Concrete strength, 'cf  12.6 ksi  
Strain at peak stress 'cε  0.0026 
Modulus of elasticity of Girder  6,805 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     150.2 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #4: 70.0 ksi (fy) , 109 ksi (fu) 
#5 :79.3 ksi (fy) , 119 ksi (fu) 
Others: 60.0 ksi (fy) , 90 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
  (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A2.2-2 Sectional Properties of Girder 2 
Cross-Section Properties G2E & G2W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.823 
Total transformed area of the composite section, Ac 1060 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 696,004 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
43.87 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
29.13 in 
Composite section modulus for the bottom, Sbc 15,867 in3 
Composite section modulus for the top, Stc 23,889 in3 
Weight of composite section 1.180 kip/ft 
 
Table A2.3-1 Load values for Load stages  
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 18.79 413.4 5787.4 413.4 
2 21.74 478.4 6697.4 478.4 
3 25.94 570.8 7990.6 570.8 
4 28.94 636.8 8914.8 636.8 
5 30.36 668.0 9351.6 668.0 
6* 33.79 743.4 10407.2 743.4 
7 38.34 843.5 11808.4 843.5 
8* 38.74 852.3 11932.2 852.3 
(* : Load stage of failure ) 
 
 
 
 
 
 
 A2-23
Table A2.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
18.79 0 0 0 0 0.4 
21.74 0.30 0 0 0 0.4 
25.94 0.40 0.1 0.05 0.1 0.45 
28.94 0.40 0.15 0.1 0.2 0.45 
30.36 0.50 0.75 0.2 0.6 0.6 
33.79 >0.50 >0.75 >0.20 >0.60 >0.60 
38.34 0.80 0.85 0.4   
38.74 >0.80 >0.85 >0.40   
Table A2.5-1 First Web Shear Cracking and STD prediction of G2E  
End: G2E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 12.6 
Cracking Load w (k/ft) 18.51 
Cracking Section Location from support  (in) 46.44 
Neutral axis of composite section Ycb (in) 43.87 
Measured crack angle Testθ  (deg) 38 
Cracking shear force at section TestV  (kips) 391.2 
Area of Prestress strands pA  (in2) 8.68 
Effective prestress pef  (ksi) 150.2 
Total prestress force ppepe AfF =  (kips) 1303.7 
Centroid of strands from the bottom pe (in) 8.4 
Eccentricity of strands from the girder centroid ce (in) 23.72 
Distance between centroids of girder and composite section y (in) 11.75 
Self-Weight Moment Md  (k-ft) 105.3 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
941.2 
d (in) 67.32 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 272.7 
Ratio of cwTest VV 1.43 
Concrete Cracking Strength 'ct ff 4=  (psi) 449.0 
tpcMohr ffcot +=θ 1  1.76 
Mohrθ (deg) 29.6 
Ratio of MohrTest θθ  1.28 
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Table A2.5-2 Stirrup strains of East End (w = 33.79 kips/ft ) 
 S9 S10 S11 S12 S13 S14 S15 S16 
4 1962 2368 1591 1595 946 1842 16 -46 
3 1521 477 356 2714 1643 2196 2404 N/A 
2 3249 3179 1750 N/A 292 5070 2256 -322 
1 1614 2330 1623 1384 520 1729 1364 -327 
 
Table A2.5-3 LRFD Shear Prediction for G2E ( ksi 6.12f 'c = , ksi 5.153fpe = ) 
 Cell 1 Cell 2 Prediction 
Concrete Strength 'cf   (ksi) 12.6 12.6 12.6 
External Load uw (k/ft) 34.59 35.97 35.12 
Critical Section (ft) 5.79 5.51 5.68 
Shear Force uV (kips) 664.5 701.1 678.5 
Moment uM (k-ft) 4271.5 4247.0 4262.5 
Effective prestress pef  (ksi) 150.2 150.2 150.2 
ed (in) 67.32 67.32 67.32 
vd (in) 60.58 60.58 60.58 
'
cfv 0.145 0.153 0.148 
1000x ×ε 0.00009 -0.00086 -0.00027 
β 2.72 2.60 2.67 
θ 25.0 26.2 25.5 
yf (ksi) 79.3 79.3 79.3 
sAv  (in2/in) 0.62/11 0.62/11 0.62/11 
cV (kips) 110.9 106.0 109.0 
sV (kips) 580.7 550.3 568.8 
pV (kips) 0 0 0 
psc VVVV ++= (kips) 691.6 656.3 677.8 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1145.0 1145.0 1145.0 
Nominal Shear nV (kips) 691.6 656.3 677.8 
Nominal Load nw (kips/ft) 36.00 33.68 35.08 
Error nun w/|ww| − 3.9% 6.8% 0.1% 
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Table A2.5-4 STD Shear Prediction for G2E  
 STD Prediction 
Concrete Strength 'cf   (ksi) 12.6 
Test Load uw (k/ft) 33.79 
Critical Section (ft) 3.42 
d (in) 67.32 
Shear Force due to test load uV (kips) 729.2 
Moment due to test load uM (k-ft) 2539.4 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 8.68 
Effective prestress pef  (ksi) 150.2 
Total prestress force ppepe AfF =  (kips) 1303.7 
Centroid of strands from the bottom pe (in) 8.4 
Eccentricity of strands from the girder centroid ce (in) 23.72 
Distance between centroids of girder and composite section y (in) 11.75 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 4358.3 
b
d
d S
M
f =  (psi) 92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 6531.3 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1928.1 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 937.2 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 272.2 
)V,Vmin(V cwcic = 272.2 
yf (ksi) 79.30 
sA v  (in
2/in) 0.62/11 
s
dfA
V yvs =  (kips) 300.9 
scn VVV +=   (kips) 573.1 
Nominal Load STDw (kips/ft) 26.56 
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Table A2.5-5 Capacity comparison of Prediction and Test result of G2E 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G2E 33.79 35.08 36.90 26.56 0.96 0.92 1.27 
 
Table A2.6-1 First Web Shear Cracking and STD prediction of G2W 
End: G2W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 12.6 
Cracking Load w (k/ft) 21.74 
Cracking Section Location from support  (in) 64.08 
Neutral axis of composite section Ycb (in) 43.87 
Measured crack angle Testθ  (deg) 37 
Cracking shear force at section TestV  (kips) 427.5 
Area of Prestress strands pA  (in2) 8.68 
Effective prestress pef  (ksi) 150.2 
Total prestress force ppepe AfF =  (kips) 1303.7 
Centroid of strands from the bottom pe (in) 13.01 
Eccentricity of strands from the girder centroid ce (in) 19.11 
Distance between centroids of girder and composite section y (in) 11.75 
Self-Weight Moment Md  (k-ft) 140.7 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1133.6 
d (in) 68.5 
pV (kips) 33.64 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 334.9 
Ratio of cwTest VV 1.28 
Concrete Cracking Strength 'ct ff 4=  (psi) 449.0 
tpcMohr ffcot +=θ 1  1.88 
Mohrθ (deg) 28.0 
Ratio of MohrTest θθ  1.32 
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Table A2.6-2 Stirrup strains of West End (w = 38.74 kips/ft ) 
 S1 S2 S3 S4 S5 S6 S7 S8 
4 -714 1256 4842 3423 N/A 4691 10849 1444 
3 -448 2953 4762 4035 3687 N/A N/A 334 
2 -814 9608 4207 4216 2808 N/A 4796 2290 
1 -1392 5300 2942 2879 4524 3796 2960 371 
 
Table A2.6-3 LRFD Shear Prediction for G2W ( ksi 6.12f 'c = , ksi 5.153fpe = ) 
 Cell 1 Cell 2 Prediction 
Concrete Strength 'cf   (ksi) 12.6 12.6 12.6 
External Load uw (k/ft) 33.24 34.16 33.67 
Critical Section (ft) 5.44 5.05 5.25 
Shear Force uV (kips) 650.2 681.5 665.0 
Moment uM (k-ft) 3879.2 3723.4 3803.7 
Effective prestress pef  (ksi) 150.2 150.2 150.2 
ed (in) 68.50 68.50 68.50 
vd (in) 61.65 61.65 61.65 
'
cfv 0.132 0.1388 0.1353 
1000x ×ε 0.125 0.0022 0.0667 
β 2.60 2.52 2.56 
θ 26.9 28.8 27.8 
yf (ksi) 79.3 79.3 79.3 
sAv  (in2/in) 0.62/11 0.62/11 0.62/11 
cV (kips) 107.9 104.6 106.3 
sV (kips) 543.1 501.2 523.0 
pV (kips) 33.64 33.64 33.64 
psc VVVV ++= (kips) 685.4 640.2 663.7 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1199.6 1199.6 1199.6 
Nominal Shear nV (kips) 684.6 639.4 662.9 
Nominal Load nw (kips/ft) 35.00 32.05 33.56 
Error nun w/|ww| − 5% 6.5% 0.2% 
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Table A2.6-4 STD Shear Prediction for G2W  
 STD Prediction 
Concrete Strength 'cf   (ksi) 12.6 
Test Load uw (k/ft) 38.74 
Critical Section (ft) 3.42 
d (in) 68.5 
Shear Force due to test load uV (kips) 836.0 
Moment due to test load uM (k-ft) 2911.4 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 33.64 
Area of Prestress strands pA  (in2) 8.68 
Effective prestress pef  (ksi) 150.2 
Total prestress force ppepe AfF =  (kips) 1303.7 
Centroid of strands from the bottom pe (in) 13.61 
Eccentricity of strands from the girder centroid ce (in) 18.51 
Distance between centroids of girder and composite section y (in) 11.75 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 3802.6 
b
d
d S
M
f =  (psi) 92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 5796.4 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1717.6 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 1140.4 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 335.7 
)V,Vmin(V cwcic = 335.7 
yf (ksi) 79.30 
sA v  (in
2/in) 0.62/11 
s
dfA
V yvs =  (kips) 306.2 
scn VVV +=   (kips) 641.9 
Nominal Load STDw (kips/ft) 29.74 
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Table A2.6-5 Capacity comparison of Prediction and Test result of G2W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G2W 38.74 33.56 37.57 29.74 1.15 1.03 1.30 
 
Table A2.7-1 Loadings for Zurich reading 
Loading  (kips/ft) 0 21.74 25.94 28.94 30.36 33.79 0* 
Zurich Stage  1,2 3 4 5 6 7 8 
Load Stage  0 2 3 4 5 6 - 
(0*: After East End Failure) 
 
Table A2.8-1(a) Bulb surface strain of G2W 
G2W Strain(µε ) 
Release(07/22/02) 
Number 
Before After 08/15/02 09/28/02 11/27/02 01/07/03 
1-3 0 -189 N/A N/A N/A N/A 
2-4 0 -419 N/A N/A N/A N/A 
3-5 0 N/A N/A N/A N/A N/A 
4-6 0 -723 N/A N/A N/A N/A 
5-7 0 N/A N/A N/A N/A N/A 
6-8 0 -790 -1030 -1140 -1245 -1277 
7-9 0 -723 N/A N/A N/A N/A 
8-10 0 -738 N/A N/A N/A N/A 
9-11 0 N/A N/A N/A N/A N/A 
10-12 0 N/A N/A N/A N/A N/A 
11-13 0 N/A N/A N/A N/A N/A 
 
Table A2.8-1(b) Bulb surface strain of G2M 
G2M Strain(µε ) 
Release(07/22/02) 
Number 
Before After 08/15/02 09/28/02 11/27/02 01/07/03 
C1-C3 0 N/A N/A N/A N/A N/A 
C2-C4 0 -780 -1468 -1604 -1759 -1797 
C3-C5 0 N/A N/A N/A N/A N/A 
C4-C6 0 -752 -1340 -1515 -1652 -1703 
C5-C7 0 N/A N/A N/A N/A N/A 
C6-C8 0 -812 -1301 -1469 -1607 -1661 
C7-C9 0 N/A N/A N/A N/A N/A 
C8-C10 0 N/A N/A N/A N/A N/A 
C9-C11 0 N/A N/A N/A N/A N/A 
Average 0 -781 -1370 -1529 -1673 -1721 
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Table A2.8-1(c) Bulb surface strain of G2E 
G2E Strain(µε ) 
Release(07/22/02) 
Number 
Before After 08/15/02 09/28/02 11/27/02 01/07/03 
1-3 0 -234 N/A N/A N/A N/A 
2-4 0 -394 N/A N/A N/A N/A 
3-5 0 -683 N/A N/A N/A N/A 
4-6 0 -784 N/A N/A N/A N/A 
5-7 0 -800 N/A N/A N/A N/A 
6-8 0 -795 -1060 -1205 -1325 -1395 
7-9 0 N/A N/A N/A N/A N/A 
8-10 0 -768 -1121 -1288 -1412 -1499 
9-11 0 -783 -1054 -1226 -1370 -1462 
10-12 0 -807 -1156 -1308 -1422 -1500 
11-13 0 -761 N/A N/A N/A N/A 
Table A2.8-2 Strain gage location in confinement cage 
Gage Number 1 2 3 4 5 6 7 8 9 10 
Distance from the end(in) 10 20 30 40 7 22 32 7 22 32 
 
Table A2.8-3 Strains in Confinement Cages (µε ) 
G2E G2W 
Release(07/22/02) Release(07/22/02) Gauge 
before After 08/15/02 09/28/02 
Gauge 
before After 08/15/02 09/28/02 
1 0 -609 -647 -643 1 0 -334 -357 -287 
2 0 -860 -912 -977 2 0 -901 -1199 -1298 
3 0 -918 -1252 -1405 3 0 -932 -1458 -1678 
4 0 -877 -1453 -1638 4 0 -862 -1305 -1659 
5 0 274 455 456 5 0 228 225 1125 
6 0 273 227 184 6 0 353 2443 3924 
7 0 197 506 575 7 0 291 371 710 
8 0 391 552 648 8 0 280 276 297 
9 0 323 282 211 9 0 293 253 121 
10 0 298 435 1115 10 0 316 293 280 
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Table A2.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G2E & G2W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  8.5 ksi 
Concrete strength at 28 days, 'cf  10.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 5,589 ksi  
Modulus of elasticity of Girder  6,062 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #4 :70 ksi 
#5 :79.3 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A2.9-2 Sectional properties of Girder 2 (Design Value) 
Cross-Section Properties G2E & G2W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.707 
Total transformed area of the composite section, Ac 1010 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 665,020 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
42.67 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
30.33 in 
Composite section modulus for the bottom, Sbc 15,585 in3 
Composite section modulus for the top, Stc 21,926 in3 
Weight of composite section 1.180 kip/ft 
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Table A2.9-3 Prestress losses along the Girder 2 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 18.06 19.01 20.58 22.15 23.72 23.72 23.72 23.72 23.72 23.72 23.72 
pESf∆ (ksi) 18.08 18.60 19.55 20.61 21.79 21.76 21.79 21.88 22.03 22.24 22.40 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 42.46 43.57 45.63 47.96 50.60 50.50 50.60 50.90 51.40 52.10 52.61 
2pRf∆ (ksi) 0.89 0.76 0.53 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 pTf∆  (ksi) 67.93 69.44 72.20 75.33 78.89 78.76 78.89 79.28 79.93 80.84 81.51 
pef (ksi) 134.6 133.1 130.3 127.2 123.6 123.7 123.6 123.2 122.6 121.7 121.0 
 
Table A2.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -4.56 -4.62 -4.74 -4.86 -5.01 -5.00 -5.01 -5.03 -5.07 -5.13 -5.17
tf (ksi) -0.02 0.05 0.18 0.33 0.50 0.49 0.50 0.52 0.57 0.63 0.67
1.2T(kips) 0.0 0.9 11.0 34.0 68.6 66.7 68.6 74.4 84.2 98.1 108.5
 
 
 
Table A2.9-5 Flexural Strength of Girder 2 ( kips/ft 06.33w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 3719.3 6612.0 8678.3 9918.0 10331.3 9918.0 8678.3 6612.0 3719.3
c (in) 11.08 11.10 11.11 11.11 11.11 11.11 11.11 11.11 11.11
ed (in) 59.89 61.46 63.03 64.60 64.60 64.60 64.60 64.60 64.60
ed/c  0.185 0.181 0.176 0.172 0.172 0.172 0.172 0.172 0.172
psf (ksi) 256.0 256.3 256.7 257.0 257.0 257.0 257.0 257.0 257.0
nM (k-ft) 10051.8 10355 10658.2 10963.8 10963.8 10963.8 10963.8 10963.8 10963.8
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Table A2.9-6 Shear Design of Girder 2 ( ksi 9.125fpe = ) 
 G2W G2E 
X (ft) 5.21 
(5.21) 
13.66 
(13.66) 
23.97 
(23.97) 
29.67 
(20.33) 
35.97 
(14.03) 
44.50 
(5.50) 
uw (k/ft) 32.30 32.30 32.30 33.06 33.06 33.06 
uV (kips) 639.22 366.28 33.27 154.39 362.67 644.67 
uM (k-ft) 3768.7 8016.9 10076.6 9970.8 8342.0 4045.7 
ed (in) 68.50 65.22 67.32 67.32 67.32 67.32 
vd (in) 61.65 58.70 60.58 60.58 60.58 60.58 
'
cfv  0.165 0.096 0.009 0.042 0.100 0.177 
1000x ×ε  -0.0008 0.7045 0.9786 1.0762 0.7172 -0.0199 
β  2.52 2.32 2.23 1.95 2.18 2.60 
θ  28.0 34.0 36.4 40.80 36.70 26.20 
θcotd v (in) 115.95 87.02 82.17 70.19 81.28 123.12 
cV (kips) 93.15 81.65 81.00 70.83 79.19 94.44 
pV (kips) 28.19 28.19 0.00 0.00 0.00 0.00 
reqsV , (kips) 517.88 256.45 0.00 83.56 283.48 550.23 
yf (ksi) 79.30 79.30 79.30 79.30 79.30 79.30 
reqv )sA( (in2/in) 0.05632 0.03716 0.00000 0.01501 0.04398 0.05635 
Max space s 12.00 24.00 24.00 24.00 24.00 12.00 
Min sAv  0.00756 0.00756 0.00000 0.00756 0.00756 0.00756 
vA  (
2in ) 0.62 0.62 0.35 0.35 0.62 0.62 
s (in) 11.00 17.00 22.00 22.00 17.00 11.00 
sAv  (in2/in) 0.05636 0.03647 0.01605 0.01605 0.03647 0.05636 
cV (kips) 93.15 81.65 81.00 70.83 79.19 94.44 
sV (kips) 518.24 251.68 104.56 89.31 235.07 550.32 
pV (kips) 28.19 28.19 0.00 0.00 0.00 0.00 
nV (kips) 639.57 361.51 185.56 160.14 314.26 644.76 
nw (kips/ft) 32.32 31.88 180.16 34.29 28.65 33.06 
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Figure A2.1-1 Elevation of Girder 2 Showing Reinforcement 
 
 
#3 Bars
@ 6” o.c.
11 Spacings
@ 2” = 22” 2”
2 #3
Full Length 
of Beam
6 #9 Bars
Full Length of Beam
Min. Lap 2’-6”
3”
6 
Sp
ac
in
gs
@
 2
” =
 1
2”
2”
38 0.6”
Low Relaxation
Strands
φ
#5 G3 BAR
8 STRANDS
2 Layers of
5 #6 Bars
2 #3
Full Length 
of Beam
12 STRANDS
8 STRANDS
2 STRANDS
Full Length of Beam
1”
 C
LR
. 2
.5
”
2.
5”
5”
4 STRANDS
#8 BARS
#3 Bars
@ 6” o.c.
11 Spacings
@ 2” = 22” 2”
2 #3
Full Length 
of Beam
6 #9 Bars
Full Length of Beam
Min. Lap 2’-6”
3”
6 
Sp
ac
in
gs
@
 2
” =
 1
2”
2”
38 0.6”
Low Relaxation
Strands
φ
#5 G3 BAR
8 STRANDS
2 Layers of
5 #6 Bars
2 #3
Full Length 
of Beam
12 STRANDS
8 STRANDS
2 STRANDS
Full Length of Beam
1”
 C
LR
. 2
.5
”
2.
5”
5”
DRAPED STRANDS
4 STRANDS
#8 BARS
 
Figure A2.1-2 Details of Reinforcement of Girder 2 
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Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A2.3-1 Loading Pattern of East End Test (G2E) 
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Figure A2.3-2 Loading history of East End Test (G2E) 
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Figure A2.3-3 Loading Pattern of West End Test (G2W)  
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Figure A2.3-4 Loading history of West End Test (G2W) 
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 West End                                                        Midspan                                                         East End 
 
(a) Load Stage 1 (Load: 18.79 kips/ft) 
 
(b) Load Stage 2  (Load: 21.74 kips/ft) 
 
(c) Load Stage 3  (Load: 25.94 kips/ft) 
 
(d) Load Stage 4  (Load: 28.94 kips/ft) 
 
(e) Load Stage 5  (Load: 30.36 kips/ft) 
 
(f) Load Stage 6 (Load: 33.79 kips/ft) 
 
(g) Load Stage 7 (Load: 38.34 kips/ft) 
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(h) Load Stage 8 (Load: 38.74 kips/ft) 
 
Figure A2.4-1 Crack patterns of Girder 2 
 
 
Figure A2.4-2 Diagonal Cracking of G2E in Load Stage 1 
 
  
Figure A2.4-3 Diagonal Cracking of Girder 2 in Load Stage 2 
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Figure A2.4-4 Diagonal Cracking of Girder 2 in Load Stage 3 
 
Figure A2.4-5 Flexural Cracking of Girder 2 in Load Stage 4 
   
Figure A2.4-6 Diagonal Cracking of Girder 2 in Load Stage 5 
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Figure A2.4-7 Failure of East end of Girder 2 
 
 
Figure A2.4-8 Web sliding after failure of East end of Girder 2 
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Figure A2.4-9 Repair of East end (G2E) 
 
Figure A2.4-10 Failure of West end of Girder 2 
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Figure A2.4-11 Web sliding after failure of West end of Girder 2 
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Figure A2.5-1 Location of first cracks for East End (G2E) 
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Figure A2.5-2 Crack Angle Distribution at G2E 
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Figure A2.5-3 Load-Strain Curve of ED1 and ED2 
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Figure A2.5-4 Strains of Shear Reinforcements of East End (G2E) 
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Figure A2.5-5 Strand slips of East End  
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Figure A2.5-6 Vertical Deflections of East End Test 
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Figure A2.5-7 Longitudinal Strains of East End Test 
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(b) 
Figure A2.5-8 Reinforcement Strains in Bottom Cage of G2E 
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Figure A2.5-9 Location of Strain Gages on Longitudinal Bars (East end 
 
 
0
5
10
15
20
25
30
35
40
0 500 1000 1500
Strain (x10-6)
U
ni
fo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
 Gage 3
 Gage 1
 Gage 2
 
Figure A2.5-10 Longitudinal Reinforcement Strains of Bottom Bars at G2E 
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G2E: f΄c = 12.6 ksi; 2-#5@11, ρvfy = 745 psi; w = 33.79 kips/ft; R = 743.4 kips 
Figure A2.5-11 Failure Mode of G2E 
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Figure A2.6-1 Location of first cracks for East End (G2W) 
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Figure A2.6-2 Crack Angle Distribution at G2W 
 A2-49
 
WD4
WD5
WD6
WD1
WD2
WD3
70" 160"50" 344"
ED1
ED2
ED3
 
0
100
200
300
400
500
600
700
800
0 1000 2000 3000 4000 5000
Shear strain (microstrain)
Sh
ea
r F
or
ce
 (k
ip
s)
WD1 and WD3
 
Figure A2.6-3 Shear Force versus Shear Strain Curve of West End Test (G2W) 
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Figure A2.6-4 Strains of Shear Reinforcements of West End (G2W) 
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Figure A2.6-5 Strand slips of West End  
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Figure A2.6-6 Vertical deflections of the West End Test 
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Figure A2.6-7 Longitudinal strains of West End Test 
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(b) 
Figure A2.6-8 Reinforcement Strains in Bottom Cage of G2W 
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G2W: f΄c = 12.6 ksi; 2-#5@11, ρvfy = 745 psi; w = 38.74 kips/ft; R = 852.1 kips 
Figure A2.6-9 Failure Mode of G2W 
 
 
 
 
 
Figure A2.7-1 Target Numbers and Locations 
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Col = 32 Col = 33 Col = 34 Col = 35 Col = 36 Col = 37 Col = 38 Col = 39 Col = 40 Col = 41 Col = 42 Col = 43 Col = 44 Col = 45 Col = 46
0.10 0.06 0.12 0.03 0.11 0.09 0.08 0.16 -0.08 0.02 -0.08 0.19 -0.08 0.09 -0.10
0.09 0.03 -0.01 -0.03 -0.01 -0.02 -0.03 -0.08 -0.22 -0.08 -0.09 -0.15 -0.06 -0.17 -0.11
0.02 -0.07 0.01 -0.01 -0.16 0.20 -0.07 0.02 -0.15 0.10 0.11 -0.13 0.24 0.12 0.25 0.25
0.13 0.16 0.40 0.29 0.27 0.58 0.36 0.18 0.25 0.33 0.02 0.46 0.35 0.73 0.50
0.29 0.08 0.32 0.34 0.08 0.35 0.26 0.21 0.07 0.23 0.02 0.07 0.04 0.10 -0.04
0.20 0.04 0.13 -0.01 -0.01 -0.04 -0.01 -0.04 -0.03 -0.05 -0.04 -0.09 -0.09 -0.08 -0.12
-0.08 -0.06 -0.04 -0.12 0.20 -0.08 0.41 0.18 0.33 0.19 0.17 0.30 0.05 -0.16 0.13 -0.17
0.27 0.06 0.44 0.42 0.44 0.67 1.10 0.64 0.75 0.79 0.50 0.62 0.30 0.31 0.31
0.50 0.11 0.60 0.10 0.42 0.10 0.71 0.11 0.33 0.33 0.07 0.27 0.21 0.08 0.15
0.18 0.07 0.19 0.05 0.08 0.02 0.02 -0.01 0.01 -0.03 -0.03 -0.04 -0.03 0.03 0.00
-0.05 -0.10 -0.02 -0.09 -0.17 -0.10 -0.16 0.42 -0.15 0.22 0.36 -0.07 0.27 0.19 0.25 0.29
0.51 0.20 0.61 0.30 0.53 0.09 1.01 0.87 0.55 1.06 0.62 0.61 0.81 0.56 0.85
0.50 0.30 0.60 0.39 0.52 0.13 0.35 0.73 0.12 0.49 0.45 0.23 0.24 0.17 0.24
0.19 0.23 0.20 0.15 0.11 0.05 0.09 0.00 -0.00 0.04 -0.01 0.05 -0.02 0.08 -0.02
-0.07 0.01 -0.10 -0.04 -0.10 0.10 -0.02 -0.11 0.22 0.05 0.17 0.25 0.26 0.22 0.19 0.06
0.51 0.43 0.58 0.66 0.79 0.60 0.48 1.07 0.68 1.03 1.03 0.91 0.97 0.70 0.83
0.48 0.62 0.45 0.62 0.40 0.53 0.50 0.48 0.40 0.58 0.46 0.39 0.40 0.26 0.40  
 
Col = 47 Col = 48 Col = 49 Col = 50 Col = 51 Col = 52 Col = 53 Col = 54 Col = 55 Col = 56 Col = 57 Col = 58 Col = 59 Col = 60 Col = 61 Col = 62
0.16 0.01 -0.14 -0.04 0.05 -0.03 -0.02 -0.03 -0.12 -0.08 -0.05 0.00 -0.12 -0.06
-0.20 -0.10 -0.13 -0.14 -0.11 -0.17 -0.22 -0.24 -0.21 -0.18 -0.19 -0.16 -0.19 -0.15 0.00
0.25 0.17 0.42 0.17 0.28 0.38 0.19 0.08 0.16 0.16 -0.23 -0.19 -0.20 -0.27 -0.17 -0.18
0.92 0.64 0.67 0.60 0.77 0.84 0.69 0.51 0.88 0.52 0.12 0.14 0.08 0.07 0.04
0.30 -0.02 0.09 -0.03 0.03 0.12 0.13 0.01 -0.05 0.20 0.24 -0.06 -0.04 -0.07 -0.05 -0.05
-0.15 -0.06 -0.16 -0.09 -0.13 -0.22 -0.21 -0.11 -0.13 -0.23 -0.16 -0.25 -0.23 -0.21 -0.05 -0.01
-0.17 0.25 0.19 0.11 0.19 0.19 0.11 0.23 0.50 0.11 0.13 0.59 -0.25 -0.12 -0.21 -0.17 -0.20
0.52 0.50 0.79 0.48 0.59 0.86 0.88 0.86 0.92 0.97 0.87 1.22 0.10 0.06 0.07 0.04
0.00 0.01 0.22 -0.03 0.09 0.14 0.11 -0.13 0.21 0.29 -0.30 0.63 -0.09 -0.12 -0.04 -0.03
0.01 -0.04 -0.06 -0.00 -0.09 -0.11 -0.07 -0.08 -0.11 -0.12 -0.20 -0.32 -0.27 -0.30 -0.15 -0.04
0.29 0.18 -0.01 0.20 0.15 0.01 0.33 0.49 0.16 0.54 0.64 0.02 0.61 0.23 -0.26 -0.30 -0.21
0.63 0.47 0.66 0.49 0.58 0.66 1.02 0.73 0.95 1.53 0.87 1.60 1.08 0.69 0.08 0.02
0.18 0.17 0.17 -0.00 0.15 -0.01 0.15 0.05 -0.09 0.17 0.15 0.14 0.20 0.31 -0.04 -0.05
0.02 0.00 -0.02 -0.08 -0.05 -0.01 -0.07 -0.01 -0.01 -0.12 -0.12 -0.25 -0.38 -0.45 -0.32 -0.14
0.06 0.32 0.22 0.20 -0.13 0.16 0.11 0.15 0.24 0.13 0.27 0.45 0.46 0.11 -0.06 -0.33 -0.29
0.62 0.89 0.72 0.57 0.47 0.45 0.65 0.60 0.55 0.87 1.09 1.34 1.44 1.24 0.48 0.01
0.09 0.34 0.21 0.29 0.10 0.05 0.15 0.02 0.02 0.02 0.03 -0.04 0.29 0.23 0.23 0.06  
 
Figure A2.7-2 Deformation of Zurich Grid at East Half of Girder 2 (Unit: mm, w = 30.36 kips/ft)
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-0.00 0.04 -0.12 0.04 0.01 0.13 0.14 0.18 0.07 0.16 0.12 0.16 0.03 0.14 0.08 0.29
0.03 0.09 0.10 0.16 0.62 1.05 1.05 1.06 0.90 1.05 0.76 0.65 0.56 0.82 0.91 0.72
-0.08 -0.15 -0.13 -0.22 -0.14 0.34 0.35 0.54 0.49 0.51 0.53 0.24 0.18 0.31 0.46 0.70 0.11
-0.05 -0.09 -0.38 -0.32 -0.26 -0.25 -0.32 -0.17 -0.17 -0.23 -0.13 -0.26 -0.11 -0.13 -0.08 -0.08
-0.01 0.04 0.01 -0.01 0.27 0.20 0.19 0.11 0.14 0.14 0.02 0.17 0.21 0.20 0.28 0.05
0.03 0.10 0.14 1.23 1.55 1.42 1.05 0.93 0.72 0.45 0.48 0.56 0.65 0.77 0.73 0.61
-0.18 -0.14 -0.13 -0.09 0.63 0.60 0.81 0.36 0.49 0.18 0.02 0.34 0.12 0.24 0.40 0.22 0.32
-0.12 -0.15 -0.32 -0.28 -0.37 -0.13 -0.15 -0.11 -0.08 -0.13 -0.14 -0.11 -0.10 -0.06 -0.10 -0.02
-0.01 0.04 -0.03 0.79 0.12 0.17 0.05 0.08 -0.02 0.02 0.22 0.05 0.30 0.27 0.33 0.31
0.02 0.07 1.05 1.58 0.89 0.72 0.51 0.35 0.46 0.49 0.84 0.51 0.81 0.71 0.99 0.91
-0.23 -0.20 -0.22 0.46 0.21 0.24 0.20 0.27 -0.12 0.25 0.25 0.18 0.18 0.19 0.17 0.36 0.28
-0.12 -0.22 -0.38 -0.35 -0.25 -0.24 -0.07 0.01 -0.07 0.00 -0.08 -0.05 -0.00 -0.03 0.02 0.05
0.03 -0.03 0.58 0.27 0.06 0.07 0.08 0.08 0.21 0.07 0.28 0.16 0.32 0.39 0.67 0.46  
 
Col = 17 Col = 18 Col = 19 Col = 20 Col = 21 Col = 22 Col = 23 Col = 24 Col = 25 Col = 26 Col = 27 Col = 28 Col = 29 Col = 30 Col = 31
0.00 0.11 0.13 -0.01 0.18 -0.00 0.30 0.02 0.21 0.04 0.18 0.18 0.25 0.01 0.23
0.81 0.78 0.70 0.46 0.44 0.70 0.66 0.57 0.37 0.31 0.46 0.82 0.41 -0.03 0.23
0.33 0.59 0.29 0.33 0.30 0.08 0.32 -0.02 0.34 -0.09 -0.02 0.01 0.21 0.05 0.06
-0.18 -0.18 -0.19 -0.08 -0.06 -0.09 -0.19 -0.11 -0.04 -0.04 -0.08 -0.03 -0.01 0.10
0.21 0.06 0.22 0.24 0.11 0.59 0.22 0.46 0.12 0.37 0.38 0.68 0.13
0.43 0.82 0.70 0.39 0.89 0.79 0.76 0.68 0.07 1.10 0.50 0.91 0.07 0.49 -3.79
0.11 -0.04 0.48 0.10 0.03 0.49 0.03 0.24 -0.05 -0.09 0.23 -0.13 -0.05 -0.05 -0.01
-0.20 -0.16 -0.17 -0.09 -0.22 -0.06 -0.10 -0.06 -0.05 0.07 -0.06 0.17 0.06 0.05
0.19 0.60 0.13 0.32 0.62 0.14 0.63 0.41 0.09 1.03 0.10 0.92 0.13 0.80 0.23
1.12 1.19 0.94 1.25 1.55 1.17 1.45 0.78 0.75 1.35 0.73 1.08 0.37 0.55 0.21
0.32 0.60 0.08 0.51 0.61 0.32 0.57 0.04 0.12 0.13 -0.17 0.20 -0.20 -0.03 -0.10 0.03
-0.03 -0.06 -0.02 0.02 -0.01 -0.02 -0.09 -0.07 -0.02 0.07 -0.01 0.05 0.01 0.35 0.22
0.37 0.38 0.59 0.43 0.59 0.63 0.43 0.57 0.56 0.78 0.78 0.56 0.48 0.62 0.44
1.44 1.07 1.44 1.11 1.32 0.98 0.84 0.89 0.87 1.25 0.77 0.52 0.45 0.44 0.38
0.28 0.43 0.44 0.36 0.27 0.30 0.13 0.23 0.07 -0.05 0.06 -0.04 -0.07 -0.12 -0.00 -0.01
-0.02 -0.04 0.08 0.03 -0.00 0.10 0.10 0.04 0.06 0.14 0.24 0.32 0.24 0.37 0.31
0.64 0.41 0.73 0.60 0.75 0.53 0.68 0.72 0.62 0.94 0.63 0.77 0.71 0.67 0.61  
 
Figure A2.7-3 Deformation of Zurich Grid at West Half of Girder 2 (Unit: mm, w = 33.79 kips/ft)
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Figure A2.8-2 Strain gages in confinement cage 
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Figure A2.9-1 Cross-Sectional Dimensions of Girder 2 
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Figure A2.9-2 Loading set-up 
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Figure A2.9-3 Tendon Profile of Girder 2 
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Figure A2.9-4 Flexural Strength of Girder 2 
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Figure A2.9-5 Shear Design of Girder 2 
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A3 Presentation of Experimental Results for Girder 3 
 
A3.1 Introduction 
The objectives of the tests on Girder 3 were to investigate the influence of enhanced end 
region reinforcement on the shear performance and behavior of girder end regions in addition to 
examining the general shear performance of a very high-strength concrete girder designed for a 
moderate to high shear design stress. Girder 3 was designed for a shear stress of 1.68 ksi at the 
first critical shear section from each support and was cast with a specified concrete compressive 
strength of 14 ksi. The same size and spacing of shear reinforcement was used in both halves of 
the girder and this reinforcement consisted of #4 doubled legged deformed bars at 8 inch spacing 
in the higher shear design stress regions. A total of 44 0.6-inch diameter straight strands were 
used, 42 strands in the bottom bulb and 2 strands in the top flange. The East end was designed to 
satisfy LRFD end reinforcement requirements while the West end region contained addition 
reinforcement. This consisted of additional distributed horizontal reinforcement, vertical 
reinforcement and confinement reinforcement. The 10-foot long horizontal bars were distributed 
along both faces of West end web and consisted of #3 bars at 6 inch spacings. Four pairs of #4 
vertical bars were provided from the inside face of the support towards the center of the girder to 
increase horizontal shear strength along the web to lower flange interface. The other 
enhancement in the West end region was four 20-inch long spirals that were placed around the 
strands to reduce strand slip. All of these enhancements are described in Figures A3.1-1 and 
A3.1-2. Girder 3 was designed to satisfy the requirements of the AASHTO LRFD Bridge Design 
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Specifications 2nd Edition with 2001 Revisions and a summary of the design of the girder is 
provided in Section A3.9. 
A3.2 Measured Material Properties and Cross-Sectional Properties 
Girder 3 was cast on 11/19/2002 and the strands were released on 11/26/2002. The girder 
was loaded until the East end failed on 07/25/2003. The East end was repaired and strengthened 
and the girder was then was reloaded until the West end failed on 08/06/2003. The measured 
cylinder compressive strength at the time of testing was 15.9 ksi. Table A3.2-1 summarizes the 
measured material properties. Table A3.2-2 lists the properties of the cross section. The 
composite section properties were computed based on the transformed slab width and using the 
calculated modulus of elasticity of the precast girder. 
A3.3 Loading History 
Girder 3 was loaded on July 25, 2003 until the East end, G3E, failed. The girder was 
reloaded until the West end failed on August 06, 2003. 
A3.3.1 Test Loads Before East End Failure  
Girder 3 was loaded using 44 jacks distributed over the central 44 feet of the span, as 
illustrated in Figure A3.3-1. This was the typical loading pattern used in most experiments. The 
East end (G3E) failed at a load of 35.68 kips/ft. Figure A3.3-2 shows the entire loading history 
up to failure of the East end. Loading stages 1 through 8 are indicated on the loading curves. 
A3.3.2 Test Load for West End (G3W)  
After the East end failed, that end was repaired by adding a concrete diaphragm between 
the flanges of the girder and vertically post-tensioning the diaphragm region.  The girder was 
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reloaded on August 06, 2003 using the same loading pattern as that used for the East end test, as 
shown in Fig A3.3-3. The West end (G3W) failed under a distributed load of 38.82 kips/ft. The 
loading history curve is shown in Figure A3.3-4. Loading stages 8 and 9 are marked on that 
curve. 
A3.3.3 Loading Stages 
As identified on the loading history curves, a total of nine loading stages were used over 
the duration of the testing of Girder 3.  Table A3.3-1 lists the maximum load value for each load 
stage. Also listed in the Table A3.3-1 are the reaction forces RWest of the West support and REast 
of the East support, as well as the mid-span moment MMid corresponding to that stage loading 
level. 
A3.4 Behavior of Girder 3 
Figure A3.4-1 presents the development of cracking through the crack patterns measured 
at each load stage. Shown beneath each crack diagram is the associated maximum load value. 
Table A3.4-1 presents a summary of the development of cracking. For each load stage the 
maximum crack widths are presented for the web-shear zone (WS) and the flexure-shear zone 
(FS) of both ends as well as the flexure cracks (F) in the bottom bulb. The crack widths are given 
in the measured units of mm. A description is now provided of the observed behavior of the 
girder at each load stage. 
(1) Load Stage 1 (w = 14.96 kips/ft) 
The first diagonal cracks occurred abruptly at the West end at a load of 14.96 kips/ft and 
at an angle of approximately 28 degrees, as shown in Figure A3.4-2. The maximum shear crack 
width was 0.2 mm. There was no observed cracking at the East end. 
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(2) Load Stage 2 (w = 16.17 kips/ft) 
The first diagonal cracks occurred at the East end at a load of 16.11 kips/ft and at an 
angle of approximately 38 degrees, as shown in Figure A3.4-3. The maximum shear crack width 
at the East end was 0.2 mm. At the West end, additional small diagonal cracks formed along the 
intersection between the top of the web and the upper flange.  The maximum shear crack width 
at the West end was 0.3 mm. 
(3) Load Stage 3 (w = 18.83 kips/ft) 
As shown in Figure A3.4-4, additional diagonal cracks developed at both ends of the 
girder and existing crack widths increased to maximum widths of 0.25 mm (G3E) and 0.30 mm 
(G3W).  
 (4) Load Stage 4 (w = 22.79 kips/ft) 
Diagonal shear cracking at both ends continued to develop with increasing load. The 
maximum crack widths reached 0.35 mm (G3E) and 0.30 mm (G3W).  
 (5) Load Stage 5 (w = 26.05 kips/ft) 
Flexural cracks formed at mid-span with maximum crack widths of 0.05mm, as shown in 
Figure A3.4-6. The development of diagonal cracks spread towards mid-span, as shown in 
Figure A3.4-1(e).  The maximum shear crack widths were 0.35 mm (G3E) and 0.30 mm (G3W). 
 (6) Load Stage 6 (w = 29.29 kips/ft) 
The flexural cracks at mid-span propagated to above the mid-height of the web, and the 
crack widths ranged from 0.05 to 0.25 mm at mid-height of the web. The web-shear cracks that 
had started at the ends of the girder spread further towards mid-span and flexure-shear cracks 
formed around mid-span, as shown in Figure A3.4-7.  
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 (7) Load Stage 7 (w = 32.40 kips/ft) 
As the load was increased further to 32.40 kips/ft, more shear cracks, both web-shear and 
flexure-shear cracks formed. The shear cracks spread over the entire length of the span and 
became wider. See Figure A3.4-1(g). The maximum shear crack widths were 0.55 mm (G3E) 
and 0.45 mm (G3W). The first sign of local crushing was observed at the East end, as shown in 
Figure A3.4-8. 
 (8) Load Stage 8 (w = 35.68 kips/ft) 
The East end of the girder failed abruptly under a loading of 35.68 kip/ft in a very brittle 
manner. The only warning was a few seconds of noise, indicating propagation of web crushing 
immediately before the sudden failure.  The bottom of the web failed explosively from the end of 
the girder to about 12 feet from the support.  See Figure A3.4-9. There was a continuous growth 
of local web crushing until failure and the width of the diagonal crack connected to the local web 
crushing area grew to be much wider just prior to failure. Thus, the failure appeared to have been 
precipitated by this localized crushing of the concrete. Prior to failure, crack widths became 
wider, and large shear slips occurred along the diagonal cracking plane.  This action led to failure 
along the bottom web of the girder which was relatively weaker than the bottom flange. No 
strand slip was observed in Girder 3 prior to the brittle failure. After web crushing, all the 
stirrups in the failure region were bent due to sliding that occurred where web concrete crushed. 
Figure A3.4-10 shows that the web sliding after failure was about 4 inches with the web moving 
outwards relative to the bottom flange 
(9) Repair of East End 
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After the failure of the East end, the girder was completely unloaded and strengthened in 
the failure region with a 15-foot long concrete diaphragm and external shear reinforcement. See 
Figure A3.4-11. This repair and strengthening permitted loading of the girder beyond the 
previous level and until failure in the West end was obtained. 
 (10) West End Test (Load Stage 8(2) to Load Stage 9) 
After Girder 3 was strengthened in East end, it was reloaded again on August, 06, 2003. 
The West end failed under a load of 38.82 kips/ft in a similar manner to East end with crushing 
along the intersection of the bottom of the web and lower flange as shown in Figure A3.4-12.  
A3. 5 Experimental Results for East End (G3E) 
A3.5.1 Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 16.11 
kips/ft. The first crack crossed the centroid of the composite section ( in 98.39=cby ) at an angle 
of 38 degrees and at a longitudinal distance of 59.17 inches from the extreme East end (49.17 
inches from the center line of the East support). See Figure A3.5-1.  Table A3.5-1 presents the 
calculations for comparing the measured and predicted web-shear cracking loads. Web-shear 
cracking occurred at a shear force of VTest of 339.4 kips, while the calculated AASHTO STD 
web-shear cracking load Vcw was 347.4 kips, for a shear cracking strength ratio of VTest/Vcw = 
0.98. Table A3.5-1 also compares the angle of measured and calculated diagonal cracking. The 
measured cracking angle was ӨTest = 38 degree while the predicted cracking angle from elastic 
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stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr = 27.3 
degree, for a crack angle ratio of ӨTest/ӨMohr is 1.39.   
(2) Distribution of Shear Crack Angles 
Figure A3.5-2 illustrates the distribution of shear crack angles for the East half of Girder 
3 (G3E). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 22 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A3.5.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear 
strains of the end regions. Those LVDTs were grouped as four rectangular rosettes, with two 
rosettes placed at the East end and two rosettes placed at the West End, as shown in Figure A3.5-
3. ED1 through ED 6 were the LVDTs located at the East End. The gage lengths of the LVDTs 
were all 48 inches and therefore the computed strain from an LVDT displacement is an average 
strain within a distance of 48 inches.  From the two diagonal strains 1diagonalε  and 2diagonalε , the 
average shear strain γ of that region can be computed for each rosette as )( 2diagonal1diagonal ε−ε=γ .  
Figure A3.5-3 presents the development of shear straining in the East end.  Note the shear force 
V was calculated for the section at the center point of the rosette. The shear response became 
non-linear after cracking. The shear stiffness in the elastic stage was about 1.17 kips/µs (ED1 
and ED3) and 1.23 kips/µs (ED4 and ED6). Under the failure load w = 35.68 kips/ft, the shear 
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forces and shear strains were V = 785.0 kips, γ = 4201 ms ( ED1 and ED3 ) and V = 677.9 kips γ 
= 3175 ms (ED4 and ED6).  
A3.5.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S9 through S16 were placed on stirrups in the East half of the girder, 
as shown in Figure A3.5-4. Figure A3.5-4 presents the development of stirrup straining as a 
function of applied loading for the East end up to the peak load. Note that the strain values given 
are not the actual strains in the stirrups, but represent the change in strain resulting from the 
externally applied load since the gages readings were set to zero prior to loading. That said, the 
vertical strains in the stirrups due solely to the effects of prestressing have been measured in 
other girders and calculated by analyses to be very small. The stirrup yield strains were 
approximately 2400 micro-strain. Table A3.5-2 lists the stirrup strain for each gage under the 
peak load of 35.68 kips/ft. At least one gage on every stirrup, except stirrup 16, showed yielding 
prior to the peak load. 
A3.5.4 Strand Slip of East End (G3E) 
Strand slips were measured using LVDTs that were attached to the strands at both ends of 
the girder. The end G3E did not have significant strand slip up to the peak load as shown in 
Figure A3.5-5.  
A3.5.5 Vertical Deflections during East End Test 
The deflections of the girder were measured using LVDTs at five locations, as shown in 
Figure A3.5-6. The deflections reached their maximum values under the peak load of 35.68 
kips/ft and were 0.30 in (V1), 3.00 in (V3), and 2.30 in (V4).  The shape of the load-deflection 
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curves for V2, V3 and V4 suggest that the prestressing steel had not yielded prior to failure of 
the East end. 
A3.5.6 Longitudinal Strains 
The development of longitudinal strain was measured using LVDTs attached at four 
different locations as indicated in the Figure A3.5-7. Note that the strain is an average strain over 
a distance of 48 inches. The longitudinal strains at the peak load (35.68 kips/ft) were 259µs  (H1), 
2775µs  (H2), 256 µs  (H3) and -1016 µs  (H4). The maximum compressive strain at mid-span 
of slab (H4) was 1016 µs . The maximum tensile stress in the bottom bulb at the mid-span (H2, 
2775µs ) corresponded to an increment in the effective prestress of 
ksi 1.7910277528500 6 =×× − .   That result indicates that while the prestressed strands were 
close to yielding, ksi 0.243f ksi 0.2341.799.154 py =≈=+ , yielding had not yet occurred at 
failure.  
A3.5.7 Reinforcement strains in the Bulb Confinement Cage at G3E 
A confinement cage was used to encompass the strains in the bottom bulb over a distance 
of 100 inches from the end. A total of 10 strain gages were attached on the cage and shown in 
Figure A3.8-2. Four strain gages, numbered 1 – 4, were used to measure the longitudinal strains, 
and the remaining gages, numbered 5 – 10, were used for measuring transverse strains. Gages 5-
7 were located on the inclined reinforcement near the top of the bottom bulb while gage 8-10 
were located along the bottom bulb. Table A3.8-2 lists the detailed gage locations in the cage. 
Table A3.8-3 presents the sets of strain measurements taken before test.  
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Figure A3.5-8(a) presents the measured longitudinal strains versus load for the 
confinement cage. All gages increased in tension with increasing load. At the failure load 35.68 
kips/ft, the measured tensile strains were 294 µs (gage 1), 447 µs (gage 2),  331 µs (gage 3) and 
497 µs (gage 4). Figure A3.5-8(b) presents the development of transversal strains versus load for 
the confinement cage. During the test, gages 7 and 10 measured increasing compressive straining 
while gages 8 and 9 measured increasing tensile straining. With increasing load gage 6 increased 
in compression first and then measured increasing tensile straining. At the failure load of 35.68 
kips/ft the measured tensile strains were 1142 µs (gage 6), 272 µs (gage 8), and 137 µs (gage9). 
The measured maximum compression strains in the test were -239 µs (gage 6, 29.41 kips/ft), -
142 µs (gage 7, 31.34 kips/ft) and -30 µs (gage 10, 30.14 kips/ft). 
A3.5.8 Failure Mode of G3E 
When external load reached 35.68 kips/ft and the support force got up to 785.0 kips, G3E 
failed in a very explosive manner due to crushing and shear at the base of the web. Stirrup 
yielding began immediately after first cracking. The incipient failure started from concrete 
spalling at a small area of web bottom above the support. Continuous splitting noises were heard 
as failure was approached. Then the bottom web crushed suddenly in a very explosive way with 
concrete springing from the web. The crushed zone was 151-inch long from the very end of the 
girder and extended 23-inches from above the interface between the base of the web and the 
bottom bulb. See Figure A3.5-9. Strands and stirrups in this crushed zone were exposed. The 
upper web beyond the crushed zone slid towards end of the member relative to the bottom bulb 
by about 4.0 inches results in significant bending of the stirrup reinforcement. The web shear 
cracking was fully developed with crack spacing of around 5 inches before failure. The 
maximum width of web shear cracks was 1.5 mm just before failure. Shear slip was observed 
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along shear cracks with the upper strut slipping downward. No strand slip was measured by the 
displacement transducers or observed in other manners. No damage was found in top flange or 
the bottom bulb except for three small cracks extended into the bottom bulb near the support. 
A3.5.9 Ultimate Shear Capacity of End G3E 
Under the typical loading pattern, shown in Fig.A3.2-1, end G3E failed when the 
distributed loading reached 35.68 kips/ft. This section compares the measured capacity with the 
capacities calculated using LRFD, STD and R2K. 
LRFD: Table A3.5-3 presents the values for β and θ that are used in evaluating the 
concrete and stirrup contributions to shear resistance. The calculation of the shear capacity by the 
LRFD specifications requires an iterative procedure. The critical section was x = 6.16 ft from the 
East support. The calculated LRFD shear capacity at the critical section is 602.4 kips, which 
corresponds to an external load wLRFD = 31.98 kips/ft for the same loading pattern as the test 
load. 
R2K: For the same critical section x = 6.16 ft from the East support as in LRFD 
prediction, the use of R2K predicts a nominal shear capacity of 559.1 kips, which corresponds to 
an external load of wR2K = 29.68 kips/ft for the same loading pattern as the test load.  
STD:  Table A3.5-4 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support. Thus the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the East support. The shear capacity at the critical section calculated using AASHTO 
STD is 576.4 kips, which corresponds to an external load of wSTD = 26.71 kips/ft for the same 
loading pattern as the test load. 
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 Table A3.5-5 compares the measured capacity and the calculated capacities using LRFD, 
STD and R2K. 
A3. 6 Experimental Results for West End (G3W) 
A3.6.1 Shear Cracking at West End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the West end of the girder under a loading of 14.96 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 87.43=cby ) at an 
angle of 28 degrees and at a longitudinal distance of 80.04 inches from the extreme West end 
(68.04 inches from the center line of the West support). See Figure A3.6-1.  Table A3.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 289.1 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 348.6 kips, for a shear cracking strength ratio 
of VTest/Vcw = 0.83. Table A3.6-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 28 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 27.3 degree, for a crack angle ratio of ӨTest/ӨMohr is 1.03.   
(2) Distribution of Shear Crack Angles 
Figure A3.6-2 illustrates the distribution of shear crack angles for the West half of girder 
3 (G3W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis line of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 23 
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degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A3.6.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear 
strains of the end regions. Those LVDTs were grouped as four rectangular rosettes, with two 
rosettes placed at East end and two rosettes placed at the West End, as shown in Figure A3.6-3. 
Group WD1, WD2, WD3 and Group WD4, WD5, WD6 were installed at the West end. 
The gage lengths of the LVDTs were all 48 inches so the strain computed strains from the LVDT 
displacement is an average strain over a distance of 48 inches.  From the two diagonal strains 
1diagonalε  and 2diagonalε , the average shear strain γ of that region can be computed for each rosette 
as )( 2diagonal1diagonal ε−ε=γ .  Figure A3.6-3 shows the resultant curves of shear strain versus shear 
force for the West end region. Note the shear force V was calculated for the section at the center 
point of the rosette. The shear response became non-linear after first cracking with the slopes for 
the elastic stage being about 0.86 kips/µs (WD1 and WD3) and 0.86 kips/µs (WD4 and WD6). 
Under the failure load w = 38.82 kips/ft, the shear forces and shear strains were V = 854.0 kips, γ 
= 5184 µs ( WD1 and WD3 ) and V = 737.6 kips γ = 4824 µs (WD4 and WD6).  
A3.6.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S8 are placed on the stirrups of the West half of the 
girder, as shown in Figure A3.6-4. The figure presents the development of stirrup straining as a 
function load in the West end stirrups up to the peak load. Note that the strain values given are 
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not the actual strains in the stirrups, but represent the change in strain resulting from the 
externally applied load since the gages readings were set to zero prior to loading. That said, the 
vertical strains in the stirrups due solely to the effects of prestressing have been measured in 
other girders and calculated by analyses to be very small. The stirrup yield strains are 
approximately 2330 micro-strain. Table A3.6-2 presents the stirrup strain in each gage at the 
peak load of 38.82 kips/ft. All stirrups except S1 are shown to yield prior to failure.  
A3.6.4 Strand Slip of West End (G3W) 
Strand slips were measured using LVDTs attached to the strands at both ends of the 
girder. End G3W did not show any significant strand slip during the test as apparent from Figure 
A3.6-5. 
A3.6.5 Vertical Displacements During West End Test 
After completion of the East end test, gages V1 and V2 were removed and only the 
deflections for the West half (V3, V4, and V5) were measured. Figure A3.6-6 shows the load-
deflection curves for the West end. The deflections at the failure load (38.82 kips/ft) were 3.87 in. 
(V3) and 2.94 in.(V4).  
A3.6.6 Longitudinal Strains 
After completion of the East End test, longitudinal strains were measured only for the 
West half part of the girder. Figure A3.6-7 presents the development of longitudinal strain at 
locations H2, H3 and H4. Note that the strain is an average strain over a distance of 48 inches. 
The longitudinal strains at the peak load of 38.73 kips/ft were 3890µs  (H2), 256 µs  (H3) and -
1207 µs  (H4). The maximum compressive strain at mid-span of slab was 1207µs (H4). The 
maximum tensile strain of the bottom bulb at the mid-span (H2, 3890µs ) indicated that it is 
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likely that the prestress strands yielded prior to failure 
since s 3890 s 309128500/)9.1540.243(E/)ff( ppepy µ<µ=−=− . 
A3.6.7 Reinforcement strains in the Bulb Confinement Cage at G3W 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end. A total of 10 strain gages were attached on the cage as 
shown in Figure A3.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gage 8-10 were located along the bottom bulb. Table A3.8-2 lists the detailed 
gage locations in the cage. Table A3.8-3 presents the sets of strain measurements taken before 
test.  
Figure A3.6-8(a) presented the measured longitudinal strains versus load for the 
confinement cage. All gages increased in tension with increasing load. At the failure load 38.82 
kips/ft, the measured tensile strains were 487 µs (gage 1), 870 µs (gage 2),  335 µs (gage 3) and 
647 µs (gage 4). Figure A3.6-8(b) presented the measured transverse strains versus load for the 
confinement cage. During the test gage 5 measuring compressive straining while gages 8 and 9 
measured tensile straining. With increasing load gage 6 first measured compression and then 
went into tension state. The measured maximum tensile strains for each gage were 1000 µs (gage 
6), 1455 µs (gage 8), and 1198 µs (gage9). The maximum compression strains were -296 µs 
(gage 5, 38.79 kips/ft) and -278 µs (gage 6, 33.28 kips/ft). 
A3.6.8 Longitudinal Reinforcement strains of Web Skin Bars at G3W 
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Six gages were attached on two longitudinal bars that were located 18 inches and 30 
inches from the bottom bulb, labeled as h18 and h30, as shown in Figure A3.8-4. Gages 1 , 2 , 3 
of bar h18 were located at 6, 21, 45 inches from the very end of the girder, while Gages 1, 2, 3 of 
bar h30 were located at 21,45,75 inches from the very end of the girder. Figure A3.6-9 presents 
the measured longitudinal strains in these bars.  With increasing load all gages increased in 
tension. Some gages reached very high tensile strain values due to web shear cracking.  
A3.6.9 Failure Mode of G3W 
When external load reached 38.82 kips/ft, with a corresponding support reaction force of 
854.0 kips, explosive failure occurred of G3W due to web base crushing. Most stirrups had 
yielded shortly after shear cracking and significant yielding had occurred prior to failure. Just 
prior to failure, concrete in the web bottom initiated splitting in three or four patches 1 foot from 
the inner face of the support. Splitting noises were heard and then a few seconds later the bottom 
web suddenly crushed in very an explosive manner with loud bang and flying debris. The 
crushed zone extended 176 inches from the end of the girder and from the bottom bulb to 18 
inches above the web-bulb interface. Figure A3.6-10 illustrates the failure mode and size of the 
crushed zone. Strands and stirrups in the crushed zone were exposed. After the web crushed, 
sliding of the upper web about the crushed zone towards the end of the girder occurred relative to 
the position of the bottom bulb. The web shear cracking was fully developed prior to the last 
loading stage and no additional web shear cracks formed just prior to failure. The crack spacing 
of web shear was 4 inches and the maximum crack width was 1.5 mm just before failure. Shear 
slip was observed with the upper strut slipping downward. No strand slip was observed except 
that strands in the crushed zone were released during the explosive failure. Both the top flange 
and bottom bulb were not damageed in the test. 
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A3.6.10 Ultimate Shear Capacity of G3W 
For the typical loading pattern shown in Fig.A3.2-3, the end G3W failed when the 
distributed loading was 38.82 kips/ft. This load is now compared with the capacity calculated 
using the LRFD and STD specifications as well as R2K. 
LRFD: Table A3.6-3 presents the detailed procedure used to predict the shear capacity. 
The critical section was at x = 6.16 ft from the West support and the LRFD calculated shear 
capacity at this section was 602.4 kips, which corresponds to an external load wLRFD = 31.98 
kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section x = 6.16 ft from the West support as in LRFD 
prediction, R2K predicts a nominal shear capacity 559.1 kips, which corresponds to an external 
load of wR2K = 29.68 kips/ft for the same loading pattern as the test load.  
STD: Table A3.6-4 presents the calculation of the shear capacity by the AASHTO 
Standard specifications. AASHTO STD gives the location of the critical section as h/2 from the 
face of the support.  Thus the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. 
from the center of the West support. The shear capacity calculated using the AASHTO STD at 
the critical section is 576.4 kips, which corresponds to an external load of wSTD = 26.71 kips/ft 
for the same loading pattern as the test load. 
Table A3.6-5 compares of the measured capacity and the calculated capacities using 
LRFD, R2K and STD. 
A3.7 Zurich Gage Measurements 
To measure the surface deformations of the web of Girder 3, 315 aluminum targets were 
glued to the surface of this girder in square grids prior to loading. Figure A3.7-1 shows the 5-line 
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and 63-column grid. The spacing between two adjacent targets was 10 in (254mm). The Zurich 
Gage Measurement System was used to measure the distance between adjacent targets at 
different load levels during the experiment. Table A3.7-1 summarizes the load levels at which 
the Zurich gage measurements were taken. The first two sets of measurements were taken before 
test without superimposed loading for calibration and error assessment. Figures A3.7-2 and 
Figure A3.7-3 present the change in distance measured between the targets at the last load stage 
before failure in the East and West halves of the member. The value on the line segment is the 
deformation between those two targets. The unit of the deformation is millimeters (mm). 
A3.8 Measurements for Girder 3 before test 
Girder 3 was cast on November 19, 2002, and its prestressing strands were cut on 
November 26, 2002. Strain and displacement measurements were taken before and after strand 
release to obtain the effects of strand release on the strains and internal deformations of the 
girder. Additional strain measurements were also taken to monitor the time-dependent strain 
changes between strand release through to a time shortly before testing. The last set of strain 
measurements were taken after top slab casting and just before testing on July 17, 2003. The 
following sections present the measured strain and displacement results.  
A3.8.1 Surface Deformations of the Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 3 by locating 
targets at both ends and near mid-span of the girder. The spacing between two measurement 
targets was 10 inches. However, overlapping sets of targets were used that provided a 
measurement of average strain every 5 inches. The first target on each end was located at 3 
inches from that end. Table A3.8-1 and Figure A3.8-1 present the detailed results of surface 
strains measured in Girder 3. Figure A3.8-1 shows strain distributions along the girder for 
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different dates. The average compressive strains in the middle part of the girder after release and 
before test were -882µε  and -1669µε , respectively. Thus the average prestress loss and the 
average effective prestress before test were estimated as: 
                                    ksi 6.4710166928500f 6Loss =××=∆ − , and 
                                    ksi 9.1546.475.202fpe =−= . 
Note that for this girder, bulb surface strains were measured from the time of release until 
a week before the start of testing. Therefore in this computation, unlike the situation for Girders 
1 and 2, no correction is needed for additional losses between the last time at which bulb 
deformations were measured and the start of testing.  
A3.8.2 Strains in the Bottom Cages 
Ten strain gages were attached to the confinement cages. Figure A3.8-2 shows their 
locations and identifiers. Table A3.8-2 lists distances from the end of the girder to the location of 
each gage. Gages 1 through 4 were used for measuring longitudinal strains, while gages 5 
through 10 gages were used for measuring transverse strains in the confinement reinforcement. 
 The detailed results from Girder 3 for these measurements are summarized in Table A3.8-3. 
A3.8.3 Strains in the Stirrups near the Ends 
To determine the bursting strains at each end of the girder, the strains in the first gaged 
stirrups from each end were recorded. This stirrup was located 12 inches from the end of the 
girder. Figure A3.8-3 shows the gage locations and numbers. Results are listed in the Table 
A3.8-4.  Strains increased about 20% from release to time of test.  Strains at release indicated 
stirrup stresses as high as 32 ksi.  
A3.8.4 Strains in Longitudinal Skin Bars 
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Strain gages were attached in the longitudinal skin bars at different heights over the depth 
of the beam at the West end. Symbols “H18” and “H30” are used to identify the different 
locations and numbers in Figure A3.8-4. Table A3.8-5 lists the strains and strain changes for the 
longitudinal reinforcement in Girder 3. 
A3.9 Design of Girder 3 
A3.9.1 Introduction 
Girder 3 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu , over a 50-foot simple span such that the shear stress at 
the face of the first critical shear section, 0.5dvcotθ from the face of the support, was equal to  v 
= 0.12 'cf  = 0.12(14) = 1.68 ksi. A 42-inch wide and 10-inch deep slab was made composite with 
the girder. The member was designed to satisfy all of the requirements of the AASHTO LRFD 
Bridge Design Specifications 2nd Edition with 2001 Revisions. A brief summary of the design of 
Girder 3 is presented in this section. For a complete description of the design procedure, see 
Section A1.9 of Appendix A1. 
A3.9.2 Materials 
The material properties used in the design of Girder 3 are shown in Table A3.9-1 
A3.9.3 Cross-Sectional Properties 
Figure A3.9-1 presents the dimensions of the cross section and Table A3.9-2 summarizes 
the cross-sectional properties. Since the girder and the slab had different concrete strengths, the 
composite section properties were computed based on the transformed slab width and using the 
calculated modulus of elasticity of the precast girder. 
A3.9.4 Load and Tendon profile 
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The test girder was designed to support a uniformly distributed load as shown in Figure 
A3.9-2. Figure A3.9-3 illustrates the stand profile of Girder 3.  
A3.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
Table A3.9-3 lists the computed prestress losses along the length of the girder. All 
locations are measured from the extreme end of the girder. The computed average effective 
prestress stress at the end of the service life was ksi 4.116fpe = . 
A3.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
Concrete stresses immediately after transfer were calculated and are given in Table A3.9-
4. All locations in this table are measured from the extreme end of the girder. 
A3.9.7 Flexural Strength Design 
         Table A3.9-5 summarizes the flexural strength design computations for the ultimate load 
kips/ft 54.31w u = for selected locations along the length of Girder 3. These locations are 
measured from the left support. Figure A3.9-4 shows the moment envelopes for ultimate design 
moment and nominal flexural strength along the length of the girder.  
A3.9.8 Shear Design of Girder 3 
The calculations for shear design of Girder 3 are summarized in Table A3.9-6 and Figure 
A3.9-5.  
A3.9.9 Drawings of Girder 3 
Figure A3.9-6 through Figure A3.9-10 present the fabrication drawings for Girder 3.  
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Table A3.2-1 Measured Materials Properties of Girder 3 
Materials G3E & G3W 
Deck Slab  
Concrete strength, 'cf  3.6 ksi  
Modulus of elasticity of slab Ec 3,637 ksi 
Precast Girder  
Concrete strength, 'cf  15.9 ksi  
Strain at peak stress 'cε  0.0033 
Modulus of elasticity of Girder  7,645 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     154.9 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #4: 67.8 ksi (fy) , 106.1 ksi (fu) 
#5 :64.6 ksi (fy) , 101.8 ksi (fu) 
Others: 60.0 ksi (fy) , 90 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A3.2-2 Sectional Properties of Girder 3 
Cross-Section Properties G3E & G3W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.476 
Total transformed area of the composite section, Ac 913 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 595,258 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
39.98 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
33.02 in 
Composite section modulus for the bottom, Sbc 14,891 in3 
Composite section modulus for the top, Stc 18,025 in3 
Weight of composite section 1.180 kip/ft 
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Table A3.3-1 Load values for Load stages 
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 14.96 329.1 4607.1 329.1 
2 16.17 355.6 4978.9 355.6 
3 18.83 414.3 5800.9 414.3 
4 22.79 501.3 7017.9 501.3 
5 26.05 573.2 8024.3 573.2 
6 29.29 644.3 9020.9 644.3 
7 32.40 712.8 9979.1 712.8 
8* 35.68 784.9 10988.1 784.9 
8(2) 33.23 731.0 10233.5 731.0 
9* 38.82 854.0 11955.8 854.0 
(* : Load stage of failure ) 
 
 
 
 
Table A3.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
14.96 0.2 0 0 0 0 
16.17 0.3 0 0 0 0.2 
18.83 0.3 0 0 0 0.3 
22.79 0.3 0 0 0 0.35 
26.05 0.3 0 0.05 0 0.35 
29.29 0.35 0.25 0.1 0.25 0.5 
32.4 0.45 0.4 0.15 0.4 0.55 
35.68 0.45 0.4 0.15 0.4 >0.55 
33.23 0.45 0.4 0.15   
38.82 0.5 0.45 0.2   
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Table A3.5-1 First Web Shear Cracking and STD prediction of G3E 
End: G3E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 15.9 
Cracking Load w (k/ft) 16.11 
Cracking Section Location from support  (in) 47.17 
Neutral axis of composite section Ycb (in) 39.88 
Measured crack angle Testθ  (deg) 38 
Cracking shear force at section TestV  (kips) 339.4 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 154.9 
Total prestress force ppepe AfF =  (kips) 1479 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 7.86 
Self-Weight Moment Md  (k-ft) 106.8 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1380.9 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 347.4 
Ratio of cwTest VV 0.98 
Concrete Cracking Strength 'ct ff 4=  (psi) 504.4 
tpcMohr ffcot +=θ 1  1.93 
Mohrθ (deg) 27.3 
Ratio of MohrTest θθ  1.39 
 
 
Table A3.5-2 Stirrup strains of East End (w = 35.68 kips/ft ) 
 S9 S10 S11 S12 S13 S14 S15 S16 
4 2501 2746 3054 3258 8222 4987 2321 -183 
3 2129 3838 N/A 3222 7371 4144 3937 N/A 
2 1975 3181 3265 2967 4512 4667 N/A N/A 
1 1106 1927 2861 3407 4495 3197 9138 2075 
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Table A3.5-3 LRFD Shear Prediction for G3E  
 Prediction 
Concrete Strength 'cf   (ksi) 15.9 
External Load uw (k/ft) 31.98 
Critical Section (ft) 6.16 
Shear Force uV (kips) 602.5 
Moment uM (k-ft) 4174.3 
Effective prestress pef  (ksi) 154.9 
ed (in) 67.67 
vd (in) 60.9 
'
cfv  0.104 
1000x ×ε  -0.033 
β  2.87 
θ  23.7 
yf (ksi) 67.8 
sAv  (in2/in) 0.40/8 
cV (kips) 132.1 
sV (kips) 470.3 
pV (kips) 0 
psc VVVV ++= (kips) 602.4 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1452.5 
Nominal Shear nV (kips) 602.4 
Nominal Load nw (kips/ft) 31.98 
Error nun w/|ww| −  0 
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Table A3.5-4 STD Shear Prediction for G3E  
 STD Prediction 
Concrete Strength 'cf   (ksi) 15.9 
Test Load uw (k/ft) 35.68 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 770.0 
Moment due to test load uM (k-ft) 2681.4 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 154.9 
Total prestress force ppepe AfF =  (kips) 1479.0 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 7.86 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 5014.6 
b
d
d S
M
f =  (psi) 92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7046.9 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 2079.7 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 1377.8 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 347.0 
)V,Vmin(V cwcic = 347.0 
yf (ksi) 67.8 
sA v  (in
2/in) 0.40/8 
s
dfA
V yvs =  (kips) 229.4 
scn VVV +=   (kips) 576.4 
Nominal Load STDw (kips/ft) 26.71 
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Table A3.5-5 Capacity comparison of prediction and test result of G3E 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G3E 35.68 31.98 29.68 26.71 1.12 1.20 1.34 
 
Table A3.6-1 First Web Shear Cracking and STD prediction of G3W 
End: G3W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 15.9 
Cracking Load w (k/ft) 14.96 
Cracking Section Location from support  (in) 68.04 
Neutral axis of composite section Ycb (in) 39.98 
Measured crack angle Testθ  (deg) 28 
Cracking shear force at section TestV  (kips) 289.1 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 154.9 
Total prestress force ppepe AfF =  (kips) 1479 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 7.86 
Self-Weight Moment Md  (k-ft) 148.3 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1390.9 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 348.6 
Ratio of cwTest VV 0.83 
Concrete Cracking Strength 'ct ff 4=  (psi) 504.4 
tpcMohr ffcot +=θ 1  1.94 
Mohrθ (deg) 27.3 
Ratio of MohrTest θθ  1.03 
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Table A3.6-2 Stirrup strains of West End (w = 38.82 kips/ft) 
 S1 S2 S3 S4 S5 S6 S7 S8 
4 -473 1121 5463 12627 5162 11870 4229 2508 
3 -260 N/A 10039 6883 3760 3646 3326 1642 
2 -479 10022 4504 9963 3823 5880 5495 3161 
1 -2362 9072 9060 4300 N/A 5047 3983 1559 
 
Table A3.6-3 LRFD Shear Prediction for G3W  
 Prediction 
Concrete Strength 'cf   (ksi) 15.9 
External Load uw (k/ft) 31.98 
Critical Section (ft) 6.16 
Shear Force uV (kips) 602.5 
Moment uM (k-ft) 4174.3 
Effective prestress pef  (ksi) 154.9 
ed (in) 67.67 
vd (in) 60.9 
'
cfv  0.104 
1000x ×ε  -0.033 
β  2.87 
θ  23.7 
yf (ksi) 67.8 
sAv  (in2/in) 0.40/8 
cV (kips) 132.1 
sV (kips) 470.3 
pV (kips) 0 
psc VVVV ++= (kips) 602.4 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1452.5 
Nominal Shear nV (kips) 602.4 
Nominal Load nw (kips/ft) 31.98 
Error nun w/|ww| −  0 
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Table A3.6-4 STD Prediction for G3W  
STD Prediction 
Concrete Strength 'cf   (ksi) 15.9 
Test Load uw (k/ft) 38.82 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 837.8 
Moment due to test load uM (k-ft) 2917.4 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 154.9 
Total prestress force ppepe AfF =  (kips) 1479.0 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 7.86 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
5014.6 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7046.9 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 2079.7 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 1377.8 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 347.0 
)V,Vmin(V cwcic = 347.0 
yf (ksi) 67.8 
sA v  (in
2/in) 0.40/8 
s
dfA
V yvs =  (kips) 229.4 
scn VVV +=   (kips) 576.4 
Nominal Load STDw (kips/ft) 26.71 
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Table A3.6-5 Capacity comparison of prediction and the test result of G3W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G3W 38.82 31.98 29.68 26.71 1.21 1.31 1.45 
 
Table A3.7-1 Loadings for Zurich readings 
Loading  (kips/ft) 0 18.83 26.05 29.29 32.40 0* 35.68 
Zurich Stage Number 1,2 3 4 5 6 7 8 
0*: After failure of East End 
Table A3.8-1(a) Bulb surface strain of G3W 
G3W Strain(µε ) 
Release(11/26/02) 
Number 
Before After 12/19/02 
07/17/03 
1-3 0 N/A N/A N/A 
2-4 0 N/A N/A N/A 
3-5 0 N/A N/A N/A 
4-6 0 -890 -1184 -1857 
5-7 0 -883 -1200 N/A 
6-8 0 -883 -1185 -1811 
7-9 0 -906 -1224 -1795 
8-10 0 -898 -1210 N/A 
9-11 0 -875 -1167 N/A 
10-12 0 -885 -1186 N/A 
 
Table A3.8-1(b) Bulb surface strain of G3M 
G3M Strain(µε ) 
Release(11/26/02) 
Number 
Before After 12/19/02 
07/17/03 
C1-C3 0 -907 -1177 -1687 
C2-C4 0 -896 -1176 -1696 
C3-C5 0 -893 -1189 -1683 
C4-C6 0 -864 -1136 -1622 
C5-C7 0 N/A N/A N/A 
C6-C8 0 N/A N/A N/A 
C7-C9 0 -881 -1154 -1732 
C8-C10 0 -870 -1195 -1723 
C9-C11 0 -874 -1147 -1631 
C10-C12 0 -859 N/A -1611 
C11-C13 0 -897 -1175 -1635 
Average  0 -882 -1187 -1669 
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Table A3.8-1(c) Bulb surface strain of G3E 
G3E Strain(µε ) 
Release(11/26/02) 
Number 
Before After 12/19/02 
07/17/03 
1-3 0 -488 -732 -818 
2-4 0 -903 -1266 N/A 
3-5 0 -1067 -1451 -1979 
4-6 0 -1000 -1350 -1878 
5-7 0 -954 -1334 N/A 
6-8 0 -993 -1325 -1912 
7-9 0 -932 -1266 -1846 
8-10 0 -897 -1216 -1792 
9-11 0 -929 -1253 -1811 
10-12 0 -905 -1218 -1770 
 
Table A3.8-2 Strain gage location in confinement cage 
Gage Number 1 2 3 4 5 6 7 8 9 10 
Distance from the end(in) 10 20 30 40 7 22 32 7 22 32 
 
 
Table A3.8-3: Strains in Confinement Cages (µε ) 
G3E G3W 
Release(11/26/02) Release(11/26/02) Gauge 
before After 12/19/02 07/17/03
 
Gauge 
before After 12/19/02 07/17/03
1 0 -845 N/A N/A 1 0 -1184 -1367 -1622
2 0 -1492 -1746 -1960 2 0 -1390 -1719 -1793
3 0 -1338 -1745 -2368 3 0 -1341 -1543 -443
4 0 -1183 -1434 -1893 4 0 -1272 -1512 407
5 0 N/A N/A N/A 5 0 245 326 378
6 0 292 397 1146 6 0 237 326 N/A
7 0 224 290 236 7 0 N/A N/A N/A
8 0 560 621 1664 8 0 285 405 N/A
9 0 364 446 1075 9 0 309 366 N/A
10 0 279 405 1089 10 0 393 465 851
 
Table A3.8-4 Strains in the first gaged stirrup (µε ) 
G3E G3W 
Release(11/26/02) Release(11/26/02) Gauge 
Before After 12/19/02
Gauge 
before After 12/19/02
1 0 1061 1265 1 0 1127 1348
2 0 47 70 2 0 44 114
3 0 11 57 3 0 7 69
4 0 24 72 4 0 -54 28
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Table A3.8-5 Strain and strain change of skin bars at G3W 
Strain(µε ) Strain change(µε ) 
Release(11/26/02) G3W 
Gage No. 
(Location) 
Before After 12/19/02 
07/17/03 Release 11/26/02~  12/19/02 
12/19/02~
 07/17/03
1(6’’) 0 -436 -434 N/A -436 2 N/A
2(21’’) 0 -660 -746 -637 -660 -86 109
H18 
3(45’’) 0 -765 -674 814 -765 91 1488
1(21’’) 0 -310 -322 582 -310 -12 904
2(45’’) 0 -481 -400 836 -481 81 1236
H30 
3(75’’) 0 -539 -628 -1815 -539 -89 -1187
 
 
Table A3.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G3E & G3W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  11.9 ksi 
Concrete strength at 28 days, 'cf  14.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 6,613 ksi  
Modulus of elasticity of Girder  7,173 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #4 :67.8 ksi 
#5 :64.6 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A3.9-2 Sectional properties of Girder 3 (Design Value) 
Cross-Section Properties G3E & G3W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.598 
Total transformed area of the composite section, Ac 964 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 633,724 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.46 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
31.57 in 
Composite section modulus for the bottom, Sbc 15,284 in3 
Composite section modulus for the top, Stc 20,094 in3 
Weight of composite section 1.180 kip/ft 
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Table A3.9-3 Prestress losses along the Girder 3 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 
pESf∆ (ksi) 21.48 21.34 21.15 21.02 20.94 20.91 20.94 21.02 21.15 21.34 21.48 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 59.69 59.16 58.45 57.94 57.63 57.53 57.63 57.94 58.45 59.16 59.69 
2pRf∆ (ksi) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 pTf∆  (ksi) 87.67 87.00 86.10 85.46 85.07 84.94 85.07 85.46 86.10 87.00 87.67 
pef (ksi) 114.8 115.5 116.4 117.0 117.4 117.6 117.4 117.0 116.4 115.5 114.8 
 
 
Table A3.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -5.81 -5.76 -5.71 -5.67 -5.64 -5.63 -5.64 -5.67 -5.71 -5.76 -5.81
tf (ksi) 0.83 0.78 0.72 0.68 0.65 0.65 0.65 0.68 0.72 0.78 0.83
1.2T(kips) 139.9 129.3 115.1 105.1 99.1 97.1 99.1 105.1 115.1 129.3 139.9
 
 
Table A3.9-5 Flexural Strength of Girder 3 ( kips/ft 54.31w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 3406.0 6165.5 8136.6 9319.3 9713.5 9319.3 8136.6 6165.5 3406.0
c (in) 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48
ed (in) 65.18 65.18 65.18 65.18 65.18 65.18 65.18 65.18 65.18
ed/c  0.176 0.176 0.176 0.176 0.176 0.176 0.176 0.176 0.176
psf (ksi) 256.7 256.7 256.7 256.7 256.7 256.7 256.7 256.7 256.7
nM (k-ft) 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4
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Table A3.9-6 Shear Design of Girder 3 ( ksi 4.116fpe = ) 
 G3W G3E 
X (ft) 6.16 
(6.16) 
16.24 
(16.24) 
24.86 
(24.86) 
25.14 
(24.86) 
33.76 
(16.24) 
43.84 
(6.16) 
uw (k/ft) 31.54 31.54 31.54 31.54 31.54 31.54 
uV (kips) 594.16 276.27 4.42 4.42 276.27 594.16 
uM (k-ft) 4116.5 8503.4 9713.2 9713.2 8503.4 4116.5 
ed (in) 67.67 67.67 67.67 67.67 67.67 67.67 
vd (in) 60.90 60.90 60.90 60.90 60.90 60.90 
'
cfv  0.116 0.054 0.001 0.001 0.054 0.116 
1000x ×ε  -0.0389 0.3610 0.3756 0.3756 0.3610 -0.0389 
β  2.87 2.59 2.59 2.59 2.59 2.87 
θ  23.7 30.5 30.5 30.5 30.5 23.7 
θcotd v (in) 138.73 103.39 103.39 103.39 103.39 138.73 
cV (kips) 123.99 111.90 111.90 111.90 111.90 123.99 
pV (kips) 0.00 0.00 0.00 0.00 0.00 0.00 
reqsV , (kips) 470.17 164.37 0.00 0.00 164.37 470.17 
yf (ksi) 67.80 67.80 67.80 67.80 67.80 67.80 
reqv )sA( (in2/in) 0.0500 0.0234 0.0000 0.0000 0.0234 0.0500 
Max space s 24.00 24.00 24.00 24.00 24.00 24.00 
Min sAv  0.01046 0.01046 0.00000 0.00000 0.01046 0.01046 
vA  (
2in ) 0.40 0.40 0.40 0.40 0.40 0.40 
s (in) 8.00 12.00 24.00 24.00 12.00 8.00 
sAv  (in2/in) 0.0500 0.0333 0.0167 0.0167 0.0333 0.0500 
cV (kips) 123.99 111.90 111.90 111.90 111.90 123.99 
sV (kips) 470.31 233.66 116.83 116.83 233.66 470.31 
pV (kips) 0.00 0.00 0.00 0.00 0.00 0.00 
nV (kips) 594.30 345.55 228.73 228.73 345.55 594.30 
nw (kips/ft) 31.54 39.45 1633.75 1633.75 39.45 31.54 
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5 - #5 G5 Bars @2”
+ 1-#5 G3 Bar at inner side
Total Length = 52 ft
42 straight bottom strands + 2 straight top strands
midspan21 - #3 G7 Bars @5” = 8’ 4”2” 2”
12 - #4 G2 Bars @8” = 7’ 8”
5 Spacing @24”= 10’ 8 Spacing @12”= 8’ 18 Spacing @8”= 12’
3 - #4 G2 Bars @16” = 4’ 12 - #4 G2 Bars @8” = 7’ 8”3 - #4 G2 Bars @16” = 4’
21 - #3 G7 Bars @5” = 8’ 4”
#4 G1 Bars8 Spacing @12”= 8’18 Spacing @8”= 12’#4 G1 Bars
5 - #5 G5 Bars @2”
+ 1-#5 G3 Bar at inner side
 
Figure A3.1-1 Elevation of Girder 3 Showing Reinforcement 
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Figure A3.1-2 Details of Reinforcement of End G3W 
 
 
Span Length = 50 ft
Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A3.3-1 Loading Pattern of East End Test (G3E) 
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Figure A3.3-2 Loading history of East End Test (G3E) 
 
Span Length = 50 ft
Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A3.3-3 Loading Pattern of West End Test (G3W)  
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Figure A3.3-4 Loading history of West End Test (G3W) 
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       West End                                                           Midspan                                                                   East End 
 
(a) Load Stage 1 (Load: 14.96 kips/ft) 
 
(b) Load Stage 2  (Load: 16.17 kips/ft) 
 
(c) Load Stage 3  (Load: 18.83 kips/ft) 
 
(d) Load Stage 4  (Load: 22.79 kips/ft ) 
 
(e) Load Stage 5  (Load: 26.05 kips/ft) 
 
(f) Load Stage 6 (Load: 29.29 kips/ft ) 
 
(g) Load Stage 7 (Load: 32.40 kips/ft) 
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(h) Load Stage 8 (Load: 35.68 kips/ft) 
 
(i) Load Stage 8(2) (Load: 33.23 kips/ft) 
 
(j) Load Stage 9 (Load: 38.82 kips/ft) 
 
Figure A3.4-1 Crack patterns of Girder 3 
 
 
Figure A3.4-2 Diagonal Cracking of G2W in Load Stage 1 
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Figure A3.4-3 Diagonal cracking at the East end of Girder 3 
 
 
   
Figure A3.4-4 Diagonal cracking of Girder 3 in Load Stage 3 
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Figure A3.4-5 Diagonal cracking of Girder 3 in Load Stage 4 
 
 
Figure A3.4-6 Flexural cracking of Girder 3 in Load Stage 5 
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Figure A3.4-7 Diagonal cracking of Girder 3 in Load Stage 6 
 
 
Figure A3.4-8 Local Crushing at East end of Girder 3 
Localized web curshing
Existing vertical crack 
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Figure A3.4-9 Failure of East end of Girder 3 
 
Figure A3.4-10 Web sliding after failure of East end of Girder 3 
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Figure A3.4-11 Repair of East End (G3E) 
 
Figure A3.4-12 Failure of West End of Girder 3 (G3W) 
59.17 in
centroid
 
Figure A3.5-1 Location of first cracks for East End (G3E) 
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Figure A3.5-2 Crack Angle Distribution at G3E 
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Figure A3.5-3 Shear Force versus Shear Strain Curves of East End Test (G3E) 
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Figure A3.5-4 Strains of Shear Reinforcements of East End (G3E) 
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Stirrup 15 (S15) Stirrup 16 (S16)  
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Figure A3.5-5 Strand slips of East End  
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Figure A3.5-6 Vertical Deflections of East End Test 
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Figure A3.5-7 Longitudinal Strains of East End Test 
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(b) 
Figure A3.5-8 Reinforcement Strains in Bottom Cage of G3E 
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G3E: f΄c = 15.9 ksi; 2-#4@8, ρvfy = 565 psi; w = 35.68 kips/ft; R = 785.0 kips 
Figure A3.5-9 Failure Mode of G3E 
80.04 in
centroid
 
Figure A3.6-1 Location of first cracks for East End (G3W) 
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Figure A3.6-2 Crack Angle Distribution at G3W 
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Figure A3.6-3 Shear Force versus Shear Strain Curve of West End Test (G3W) 
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Figure A3.6-4 Strains of Shear Reinforcements of West End (G3W) 
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Figure A3.6-5 Strand slips of West End  
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Figure A3.6-6 Vertical deflections of the West End Test 
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Figure A3.6-7 Longitudinal strains of West End Test 
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(b) 
Figure A3.6-8 Reinforcement Strains in Bottom Cage of G3W 
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Figure A3.6-9 Longitudinal Reinforcement Strains of Web Skin bars of G3W 
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Figure A3.6-10 Failure Mode of G3W 
 
 
 
Figure A3.7-1 Target Numbers and Locations 
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Figure A3.7-2 Deformation of Zurich Grid at East Half of Girder 3 (Unit: mm, w = 32.40 kips/ft) 
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Figure A3.7-3 Deformation of Zurich Grid at West Half of Girder 3 (Unit: mm, w = 35.68 kips/ft)
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Figure A3.8-1 Surface strain of Girder 3 
 
6”
24”
5”
20 spa
cings@
5”=100
”
5”
1
2
3
4
5
6
7
8
9
10
 
Figure A3.8-2 Strain gages in confinement cage 
 
Figure A3.8-3 Gaged Stirrup
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Figure A3.8-4 Location and number of gauges in skin bars 
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Figure A3.9-1 Cross-Sectional Dimensions of Girder 3 
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Figure A3.9-2 Loading set-up 
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Figure A3.9-3 Tendon Profile of Girder 3 
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Figure A3.9-4 Flexural Strength of Girder 3 
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Figure A3.9-5 Shear Design of Girder 3 
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A4 Presentation of Experimental Results for Girder 4 
 
A4.1 Introduction 
The objectives of the tests on Girder 4 were to investigate the influence of additional 
horizontal web reinforcements on shear performance and the behavior of the girder end regions 
in addition to the overall shear behavior of a girder cast with very high-strength concrete and 
designed for a very high level of shear stress. Girder 4 was designed for a shear stress of 2.38 ksi 
at the first critical shear section from each support and was cast with a specified concrete 
compressive strength of 14 ksi. The same size and spacing of shear reinforcement was used in 
both halves of the girder and this reinforcement consisted of #5 doubled legged deformed bars at 
6 inch spacing in the highest shear design stress regions. A total of 44 0.6-inch diameter straight 
strands were used, 42 strands in the bottom bulb and lower web and 2 strands in the top flange. 
The East end was designed to satisfy LRFD end reinforcement requirements while the West end 
region contained addition reinforcement. This consisted of additional distributed horizontal 
reinforcement, vertical reinforcement and confinement reinforcement. The 10-foot long 
horizontal bars were distributed along both faces of West end web and consisted of #3 bars at 6 
inch spacings. Four pairs of #4 vertical bars were provided from the inside face of the support 
towards the center of the girder to increase horizontal shear strength along the web to lower 
flange interface. The other enhancement in the West end region was four 20-inch long spirals 
that were placed around the strands to reduce strand slip. All of these enhancements are 
described in Figures A4.1-1 and A4.1-2. Girder 4 was designed to satisfy the requirements of the 
AASHTO LRFD Bridge Design Specifications 2nd Edition with 2001 Revisions. A summary of 
its design is provided in Section A4.9. 
 A4-2
In order to achieve the very large design shear force, it was necessary to increase the 
flexural capacity of the girder at mid-span beyond what could be achieved with the 42 0.6-inch 
diameter strands placed in the bottom bulb.  To achieve this strengthening, a 30-foot long by 20-
inch wide by 0.75-inch thick steel plate was connected to the under side of the test girder using 
drilled-in proprietary steel anchors.  
A4.2 Measured Material Properties and Cross-Sectional Properties 
Girder 4 was cast on 11/19/2002 and the strands were released on 11/26/2002. The girder 
was reloaded on 12/23/2003 and on 02/10/2004. The measured cylinder compressive strength at 
time of testing was 16.3 ksi. Table A4.2-1 summarizes the measured material properties. Table 
A4.2-2 presents the geometric properties of the cross section. Composite section properties were 
computed based on the transformed slab width and using the calculated modulus of elasticity of 
the precast girder. 
A4.3 Loading History 
Girder 4 was loaded on December 23, 2003 using 44 jacks distributed over the central 44 
feet of the span, as illustrated in Figure A4.3-1. The girder had to be unloaded after the load level 
reached 42.65 kips/ft because the 6-inch stroke capacity of the jacks near mid-span was reached. 
After additional steel anchors were attached and spacer plates inserted, the girder was loaded 
again on February 10, 2004 using the same loading pattern as that shown in Figure A4.3-1. 
During this new test, longitudinal splitting of the bottom bulb occurred along the lines of densely 
packed anchors and as a result it was necessary to stop loading at 42.74 kips/ft.  
The complete loading history is shown in Figure A4.3-2. As indicated on the loading 
history curves, a total of 7 loading stages were used over the duration of the test. Table A4.3-1 
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lists the maximum load value for each loading stage. Also listed in Table A4.3-1 are the reaction 
forces RWest at the West support and REast at the East support, as well the midspan moment MMid 
corresponding to that stage loading level. 
A4.4 Behavior of Girder 4 
Figure A4.4-1 presents the development of cracking through the crack patterns that were 
measured at each load stage. Beneath each crack diagram is reported the associated maximum 
load value. Table A4.4-1 presents a summary of the development of cracking. For each load 
stage the maximum crack widths are presented for the web-shear zone (WS) and the flexure-
shear zone (FS) of both ends as well as the flexure cracks (F) in the bottom bulb. The crack 
widths are given in the measured units of mm. In order to achieve a high flexural capacity, a 30-
foot long by 20-inch wide by 0.75-inch thick steel plate was connected to the underside of the 
test girder using 24 steel anchors.  Without this strengthening, Girder 4 would have been 
expected to fail in flexure at 90% of LRFD calculated shear capacity. A description is now 
provided of the observed behavior of the girder at each load stage. 
 (1) Load Stage 1 (w = 17.63 kips/ft) 
The first diagonal cracks occurred at the East end at a load of 14.26 kips/ft and at an 
angle of approximately 35 degrees.  The first diagonal cracks occurred at the West end at a load 
of 15.44 kips/ft and at an angle of 34 degrees. The maximum shear crack widths at 17.63 kips/ft 
were 0.15 mm (G4E) and 0.15 mm (G4W). Figure A4.4-2 shows the state of cracking at this first 
load stage. 
 (2) Load Stage 2 (w = 21.61 kips/ft) 
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As shown in Figure A4.4-3, additional diagonal crack developed at both ends of the 
girder and existing cracks increased in width to a maximum width of 0.25 mm (G4E) and 0.15 
mm (G4W). 
(3) Load Stage 3 (w = 26.90 kips/ft) 
Diagonal shear cracking continued to develop at both ends with increasing load. 
Maximum crack widths reached 0.30 mm (G4E) and 0.20 mm (G4W), as shown in Figure A4.4-
4. There was no flexural crack observed in this load stage. 
 (4) Load Stage 4 (w = 30.61 kips/ft) 
The end diagonal cracks spread towards mid-span. The maximum shear crack widths 
were 0.30 mm (G4E) and 0.25 mm (G4W). Flexural cracking occurred at mid-span in this load 
stage, and two of the cracks developed into flexure-shear cracks, as shown in Figure A4.4-5. The 
maximum flexural crack width was 0.10 mm. 
 (5) Load Stage 5 (w = 34.73 kips/ft) 
As the load increased, web-shear cracks extended closer to mid-span from both ends of 
the girder and more flexure-shear cracks formed around mid-span. The inclined cracks spread 
over entire length of the span and most cracks extended the full height of web in this load stage, 
as shown in Figure A4.4-6.  
 (6) Load Stage 6 (w = 42.65 kips/ft) 
With increasing load, new flexural-shear cracks formed around mid-span between the 
existing cracks and the spacing between cracks became smaller and smaller. The girder was 
loaded until the full stroke of the loading jacks was reached at a mid-span deflection of 3.29 
inches and a load of 42.65 kips/ft. It became apparent that the 24 steel anchors that connected the 
 A4-5
steel plate to the bottom bulb were overloaded and failing in shear. The maximum web shear 
crack widths were 0.55 mm (G4E) and 0.30 mm (G4W), and the maximum flexural shear crack 
width was 0.80 mm. Figures A4.4-7 through A4.4-9 shows the state of cracking at this load stage. 
 (7) Load Stage 7 (w = 42.74 kips/ft) 
After Girder 4 was unloaded on December 23, 2003, the steel plate was removed, 
additional holes were drilled, and approximately 60 new steel anchors were used to attach it to 
the girder in January of 2004. Girder 4 was reloaded again on February 10, 2004 up to a 
maximum load of 42.74 kips/ft.  Few new cracks appeared during this test compared with load 
stage 6.  Unfortunately, no shear failure was obtained because the capacity was limited by 
longitudinal splitting of the bottom bulb along the lines of densely packed anchors and it became 
necessary to stop the test. Figure A4.4-10 shows the longitudinal splitting of the bottom bulb. 
A4. 5 Experimental Results for East End (G4E) 
A4.5.1 Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 14.26 
kips/ft. The first crack crossed the centroid of the composite section ( in 74.41=cby ) at an angle 
of 35 degrees and at a longitudinal distance of 66.6inches from the extreme East end (54.6 inches 
from the center line of the East support). See Figure A4.5-1.  Table A4.5-1 presents the 
calculations for comparing the measured and predicted web-shear cracking loads. Web-shear 
cracking occurred at a shear force of VTest of 291.6 kips, while the calculated AASHTO STD 
web-shear cracking load Vcw was 330.1 kips, for a shear cracking strength ratio of VTest/Vcw = 
0.88. Table A4.5-1 also compares the angle of measured and calculated diagonal cracking. The 
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measured cracking angle was ӨTest = 35 degree while the predicted cracking angle from elastic 
stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr = 28.5 
degree, for a crack angle ratio of ӨTest/ӨMohr is 1.23.   
(2) Distribution of Shear Crack Angles 
Figure A4.5-2 illustrates the distribution of shear crack angles for the East half of Girder 
4 (G4E). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 27 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A4.5.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear strains of 
the end regions. Those LVDTs were grouped as four rectangular rosettes, two placed at the East 
end and two in the West End, as shown in Figure A4.5-3.  LVDTs ED1 through ED6 were at the 
East End. The gage lengths of the LVDTs were all 48 inches, so the computed strain is the 
average strain over a distance of 48 inches.  From the two diagonal strains 1diagonalε  and 2diagonalε , 
the average shear strain γ of that region can be computed for each rosette as 
)( 2diagonal1diagonal ε−ε=γ .  The development of shear straining as obtained from the East end 
LVDTs is shown in Figure A.4.5-3. Note the shear force V was calculated for the section at the 
center point of the rosette. The response was linear up until first cracking with the slope for the 
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elastic stage being about 0.93 kips/µs (ED1 and ED3). Under the load w = 42.65 kips/ft, the 
shear forces and shear strains are V = 938.3 kips, γ = 3591 µs (ED1 and ED3).  
A4.5.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S9 through S16 were placed on East half of the girder, as shown in 
Figure A4.5-4.  Figure A4.5-4 also shows the development of straining for the gaged stirrups in 
the East end up to the peak load.  The values given are not the actual strains in the stirrups, but 
represent the change in strain resulting from the externally applied load since the gage readings 
were set to zero prior to loading. That said, the vertical strains in the stirrups due solely to the 
effects of prestressing have been measured in other girders and calculated by analyses to be very 
small. The stirrup yield strains were approximately 2400 micro-strain. Table A4.5-2 presents the 
stirrup strain for each gage under the peak load of 42.74 kips/ft. 
A4.5.4 Concrete Strains at East End 
(1) Locations of Gages at East End 
There were a total of 10 strain gages in the East end region, seven on the web surface and 
designated by  “E*” in Figure A4.5-5 for measuring diagonal compression strains and three on 
the bottom bulb designated by “EB*” for measuring horizontal strains.  Table A4.5-3 shows the 
location and angle of inclination for each gage. 
 (2) Concrete Strains at East End 
The web strains recorded by the strain gages at the East end are shown in Figure A4.5-6. 
Table A4.5-4 lists the value of peak strain for each gage at a loading of 42.74 kips/ft. The largest 
compressive strain, that of gage E5, was 1418 micro-strain.  While that value is considerably less 
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than the strain at which concrete is customarily assumed to start crushing, this strain does not 
include the straining due to prestressing. 
A4.5.5 Strand Slip of East End (G4E) 
Strand slips were measured by LVDTs attached to the strands at both ends of the girder. 
End G4E did not exhibit any significant strand slip during the test as described in Figure A4.5-7.  
A4.5.6 Vertical Deflections During East End Test 
The deflections of the girder were measured with LVDT at five locations, as shown in 
Figure A4.5-8. Deflections reached their maximum values under the load of 42.65 kips/ft. The 
maximum deflections were 0.168 in (V1), 3.290 in (V3), 2.360 in (V4) and 0.278 in (V5).  The 
shape of the load-deflection curves for V2, V3 and V4 suggest that the strands in the beam had 
not yielded prior to the cessation of loading. 
A4.5.7 Longitudinal Strains 
Longitudinal strains were measured using LVDTs that were attached to the girder at four 
different locations as indicated in Figure A4.5-9.  Note that the strain is the average strain over a 
distance of 48 inches. The longitudinal strains at peak load (42.74 kips/ft) were 351µs  (H1), 
3118µs  (H2), 304 µs  (H3) and -1293 µs  (H4). The maximum compressive strain at mid-span 
of the slab (H4) is 1293µs . The maximum tensile stress of the bottom bulb at the mid-span (H2, 
3118µs ) corresponds to a prestress increment of ksi9.8810311828500 6 =×× − , which means 
that the prestressing strands were close to yielding when loading ceased since 
ksi 0.243f ksi 6.2429.887.153 py =≈=+ .  
A4.5.8 Reinforcement strains in the Bulb Confinement Cage at G4E 
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A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end. A total of 10 strain gages were attached on the cage as 
shown in Figure A4.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gages 8-10 were located along the bottom bulb. Table A4.8-2 lists the detailed 
gage locations in the cage. Table A4.8-3 presents the sets of strain measurements taken before 
testing.  
Figure A4.5-10(a) presents the development of measured longitudinal strains versus load 
for the confinement cage. Except for gage 2, other gages were not workable during the test. Gage 
2 increased in tension with increasing load and the measured tensile strain was 480 ms at the 
peak load of 42.74 kips/ft. Figure A4.5-10(b) presents the measured transverse strains versus 
load for the confinement cage. Gage 6 initially measured compressive straining and then 
measured increasing tensile strains. Gage 7 measured compressive strains during the entire test. 
The maximum compression strains were -116 µs (gage 6, 37.81 kips/ft) and -79 µs (gage 7, 
34.55 kips/ft). The measured tensile strain of gage 6 at the peak load of 42.74 kips/ft was 425 µs. 
A4.5.9 Failure Mode of G4E 
Test load was halted at 42.74 kips/ft as the support reaction force was 940.1. No distinct 
shear failure was obtained, as shown in Figure A4.5-11. The longitudinal splitting of the bottom 
bulb resulted in a flexural failure before a shear failure occurred. Stirrups were close to yielding 
under the peak load. The web shear cracks were also fully developed and no more new cracks 
appeared in a period shortly before the maximum load level. The average spacing of web shear 
cracks was 3.5 inches, and the maximum diagonal shear crack width reached 0.55 mm. No strand 
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slip was observed during the test. No damage was observed in both top flange and the bottom 
bulb. 
A4.5.10 Ultimate Shear Capacity of End G4E 
For the typical loading pattern shown in Figure A4.3-1, end G4E was considered to have 
reached close to its ultimate capacity when the distributed loading reached 42.74 kips/ft. This 
section compares the ultimate applied load with the capacity calculated using LRFD, STD and 
R2K. 
LRFD: Table A4.5-5 presents the detailed procedure for predicting the LRFD shear 
capacity. The critical section is x = 5.05 ft from the East support. The LRFD calculated shear 
capacity at the critical section is 866.5 kips, which corresponds to an external load of wLRFD = 
43.43 kips/ft for the same loading pattern as the test load. Thus, the test girder approximately 
support the LRFD calculated shear capacity. 
R2K: For the same critical section x = 5.05 ft from the East support as in LRFD 
calculations, R2K predicts a nominal shear capacity 863.5 kips, which corresponds to an 
externally applied load of wR2K = 43.28 kips/ft for the same loading pattern as the test load.  
STD: Table A4.5-6 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support which is then at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the center of the East support. 
The shear capacity calculated using the AASHTO STD procedure is 743.8 kips, which 
corresponds to an external load of wSTD = 34.47 kips/ft for the same loading pattern as the test 
load. 
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Table A4.5-7 compares the maximum applied load and the shear capacities calculated 
using LRFD, STD and R2K. 
A4. 6 Experimental Results for West End (G4W) 
A4.6.1 Shear Cracking at West End 
(1) First Web Shear Cracking at West End 
The first diagonal cracks occurred in the West end of the girder under a loading of 15.44 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 74.41=cby ) at an 
angle of 34 degrees and at a longitudinal distance of 72.48 inches from the extreme West end 
(60.48 inches from the center line of the West support). See Figure A4.6-1.  Table A4.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 308.2 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 330.5 kips, for a shear cracking strength ratio 
of VTest/Vcw = 0.93. Table A4.6-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 34 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 28.5 degrees, for a crack angle ratio of ӨTest/ӨMohr is 1.19.   
(2) Distribution of Shear Crack Angles 
Figure A4.6-2 illustrates the distribution of shear crack angles for the West half of Girder 
4 (G4W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 26 
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degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A4.6.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear strains of 
the end regions. Those LVDTs were grouped as four rectangular rosettes, two placed at the East 
end and two in the West End, as shown in Figure A4.6-3. Group WD1, WD2 , WD3 and Group 
WD4, WD5, WD6 were installed at the West End. The gage lengths of the LVDTs were all 48 
inches, so the computed strain from the LVDT displacement is an average strain over a distance 
of 48 inches.  From the two diagonal strains 1diagonalε  and 2diagonalε , the average shear strain γ of 
that region can be computed for each rosette as )( diagonaldiagonal 21 ε−ε=γ .  Figure A4.6-3 shows 
the resultant shear strain versus shear force for the West end region. Note the shear force V was 
calculated for the section at the center point of the rosette. The shear response was linear until 
cracking with the slopes for the elastic stages being about 0.91 kips/µs (WD1 and WD3) and 
0.88 kips/µs (WD4 and WD6). Under the load w = 42.65 kips/ft, the shear forces and shear 
strains are V = 938.3 kips, γ = 3117 µs ( WD1 and WD3 ) and V = 810.4 kips γ = 3061 µs (WD4 
and WD6).  
A4.6.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S8 were placed on West half of the girder, as shown in 
Figure A4.6-4. Figure A4.6-4 also presents the development of stirrup straining on West half 
stirrups up to the peak load. The values given are not the actual strains in the stirrups, but 
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represent the change in strain resulting from the externally applied load since the gage readings 
were set to zero prior to loading. That said, the vertical strains in the stirrups due solely to the 
effects of prestressing have been measured in other girders and calculated by analyses to be very 
small. The stirrup yield strains were approximately 2400 micro-strain. Table A4.6-2 shows the 
stirrup strain of each gage under the peak load of 42.74 kips/ft. While the strains in stirrups S2 
and S3 were the highest, those strains were still somewhat less than the yield strain for the stirrup.  
A4.6.4 Concrete Strains at West End (G4W) 
(1) Locations of Gages at West End 
Twelve concrete strain gages designated as  “W*” in Figure A4.6-5 were attached to the 
web in the West end region in order to measure diagonal compressive strains, as shown. Table 
A4.6-3 presents the location and angle of inclination for each gage. 
(2) Concrete Strains of West End 
The web strains measured by the concrete gages at the West end are shown in Figure 
A4.6-6. Table A4.6-4 summarizes the peak strain for each gage under the final load of 42.74 
kips/ft. All of the measured strains were below the strain value for crushing of concrete.  
A4.6.5 Strand Slip of West End (G4W) 
Strand slips were measured using LVDTs attached to the strands at both ends of the 
girder. End G4W did not exhibit significant strand slip as described in Figure A4.6-7.  
A4.6.6 Vertical Displacements During West End Test 
After completion of the East End test, gages V1 and V2 were removed and only the 
deflections for the West half (V3, V4, and V5) were measured. Figure A4.6-8 presents the load-
deflection curves for the West End Test. As seen from Figure A4.6-8, the deflections were a 
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maximum under the load of 42.65 kips/ft and were 0.168 in (V1), 4.111in (V2), 3.290 in (V3), 
2.360 in (V4) and 0.278 in (V5).  
A4.6.7 Longitudinal Strains During West End Test 
After completion of the East end test, longitudinal strains were measured only for the 
West half of the girder. Figure A4.6-9 presents the development of longitudinal strain at 
locations H2, H3 and H4. Note that the strain is the average strain over a distance of 48 inches. 
The longitudinal strains at peak load (42.74 kips/ft) were 351µs  (H1), 3118µs  (H2), 304 µs  
(H3) and -1293 µs  (H4). The maximum compressive strain at mid-span of the slab (H4) was 
1293 µs . The maximum tensile stress in the bottom bulb at the mid-span (H2, 3118µs ) 
corresponds to a prestress increment of ksi9.8810311828500 6 =×× − , which means that the 
prestressed strands was close to yielding under the final load since 
ksi 0.243f ksi 6.2429.887.153 py =≈=+ . 
A4.6.8 Reinforcement strains in the Bulb Confinement Cage at G4W 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end. A total of 10 strain gages were attached on the cage as 
shown in Figure A4.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gages 8-10 were located along the bottom bulb. Table A4.8-2 presents the 
detailed gage locations. Table A4.8-3 presents the strain measurements taken before testing.  
Figure A4.6-10(a) presents the measured longitudinal strains versus load for the 
confinement cage. All gages measured increasing tensile straining with increasing load. At the 
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peak load of 42.74 kips/ft, the measured tensile strains were 19 ms (gage 1), 247 ms (gage 2), 
181 ms (gage 3) and 209 ms (gage 4). Figure A4.6-10(b) presents the measured transverse strains 
versus load for the confinement cage. During the test, gages 5 and 7 kept measured increasing 
compressive straining while gages 8, 9 and 10 were in tension. With increasing load, gage 7 
began measuring compressive strain and then measured increasing tensile straining. The 
maximum compression strains were -116 µs (gage 5, 42.17 kips/ft), -100 µs (gage 6, 32.46 
kips/ft) and -116 µs (gage 7, 42.65 kips/ft). At the peak load of 42.74 kips/ft, the measured 
tensile strains were 236 µs (gage 6), 192 µs (gage 8), and 231 µs (gage9). 
A4.6.9 Longitudinal Reinforcement strains of Web Skin Bars at G4W 
Six gages were attached on the longitudinal bars at 18 inches and 30 inches from the 
bottom of the girder, labeled as h18 and h30, as shown in Figure A4.8-4. Gages 1 , 2 , 3 on bar 
h18 are located at 6, 21, 45 inches from the very end of the girder, while Gages 1, 2, 3 on bar h30 
are located at 21, 45, and 75 inches from the very end. Figure A4.6-11 provides the measured 
longitudinal strains in these longitudinal bars. With increasing load all gages measured tensile 
straining. Some gages reached very high tensile strain values due to web shear cracking. 
A4.6.10 Failure Mode of G4W 
The testing was halted at 42.74 kips/ft which corresponding to a support reaction force of 
940.1 kips. No distinct shear failure was obtained, as shown in Figure A4.6-12. The longitudinal 
splitting of the bottom bulb resulted in a flexural failure before a shear failure was achieved. 
Some stirrups were close to yielding under the peak load. The web shear cracks were also fully 
developed and no more new cracks appeared in the period segments before peak load. The 
average spacing of web shear cracks was 3.5 inches, and the maximum diagonal shear crack 
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width reached 0.30 mm. No strand slip was observed during the test. No damage was observed in 
either the top flange or the bottom bulb. 
A4.6.11 Ultimate Shear Capacity of End G4W 
Under the typical loading pattern shown in Figure A4.2-1, end G4W was considered to have 
reached close to its ultimate capacity when the distributed loading reached 42.74 kips/ft. Since 
the calculated capacity of the West end was the same as the East end and both ends were 
subjected to the same pattern and magnitude of loading, the comparison of maximum applied 
loading and calculated capacities is the same as in A4.5.10. The tables summarizing these results 
and comparisons are Tables A4.6-5, A4.6-6, and Table A4.6-7.  
A4.7 Zurich Gage Measurements 
To measure the surface deformations of the web of Girder 4, 315 aluminum targets were 
glued to the surface of this girder in square grids prior to loading. Figure A4.7-1 shows the 5-line 
and 63-column grid. The spacing between two adjacent targets is 10 in (254mm). The Zurich 
Gage Measurement System was used to measure the distance between adjacent targets at 
different load levels during the experiment. Table A4.7-1 summarizes the load levels at which 
the Zurich measurement were taken. The first two sets of measurements were taken before test 
without superimposed loading for calibration and error assessment. Figures A4.7-2 and Figure 
A4.7-3 present the change in distance measured between the targets at the last measured set of 
Zurich readings. The value on the line segment is the deformation between those two targets. 
The unit of the deformation is millimeters (mm). 
A4.8 Measurements for Girder 4 Before Test 
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Girder 4 was cast on November 19, 2002, and its prestressing tendons were cut on 
November 26, 2003. Strain and displacement measurements were taken before and after strand 
release to obtain the effects of strand release on the strains and internal deformations of the 
girder.  Two additional sets of measurements were taken to monitor time-dependent strain 
changes. The last set of measurements was taken after the top slab was cast and shortly before 
testing on December 19, 2003. Testing was begun on December 23, 2003. The following 
sections describe the measured strains and displacements.  
A4.8.1 Surface Deformations of the Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 4 by locating targets 
at both ends and near midspan of the girder. The spacing between two measurement targets was 
10 inches, but overlapping sets of targets were used that provided a measurement of average 
strain every 5 inches. The first target on each end was located at 3 inches from that end. Table 
A4.8-1 and Figure A4.8-1 present the detailed results of the surface strains measured on Girder 
4. Figure A4.8-1 presents the development of straining along the girder at different dates as also 
shown in Table A4.8-1. The plots have been organized so that the strain profile can be seen from 
the front elevation view perspective. The average compressive strains in the middle part of the 
girder immediately after release and shortly before test were -825µε  and -1712µε , 
respectively. Thus the average prestress loss and the average effective prestress before test can 
be estimated as: 
                                    ksi 8.4810171228500f 6Loss =××=∆ − , and 
                                    ksi 7.1538.485.202fpe =−= . 
The strain profile also suggests that the transfer length was about 25 inches.  Since the 
final gage readings were taken on 12/19/03, and testing was begun on 12/23/03, no adjustment 
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for additional prestress losses between the time of the last reading and start of testing was 
considered to be necessary. 
A4.8.2 Strains in the Bottom Cages 
Ten strain gages were attached to the confinement cage.  Figure A4.8-2 shows their 
locations and identifiers. Table A4.8-2 lists the distance from the end of the girder to the location 
of each gage. Gages 1 through 4 were used for measuring longitudinal strains, while gages 5 
through 10 gages were used for measuring transverse strains in the confinement reinforcement. 
 The detailed results for the strain measurements for Girder 4 from two measurements are shown 
in the Table A4.8-3. 
A4.8.3 Strains in the Stirrups near the Girder Ends 
As a measure of the bursting strain at each end, the strains in the first stirrup from each 
end were obtained. This stirrup was located 12 inches from the end of the girder. Figure A4.8-3 
shows the gage locations and designations. The detail results are listed in the Table A4.8-4. 
A4.8.4 Strains in Longitudinal Skin Bars 
Strain gages were attached to the longitudinal skin reinforcement located at different heights 
within the web for the West end of the girder.  The symbols “H18” and “H30” were used to 
identify the different heights. Figure A4.8-4 shows the gage locations and designations. Results 
are provided in Table A4.8-5.  
A4.9 Design of Girder 4 
A4.9.1 Introduction 
Girder 4 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to support a 
uniformly distributed load, wu , over a 50-foot simple span such that the shear stress at the face 
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of the first critical shear section 0.5dvcotθ from the face of the support was equal to v = 0.17 f′c = 
0.17(14) = 2.38 ksi. A 42-inch wide and 10-inch deep slab was made composite with the girder. 
The member was designed to satisfy all of the requirements of the AASHTO LRFD Bridge 
Design Specifications 2nd Edition with 2001 Revisions. A brief summary of the design of Girder 
4 is presented in this section. For a complete description of the design procedure, see section 
A1.9 of Appendix A1. 
A4.9.2 Materials 
The material properties used in the design of Girder 4 are shown in Table A4.9-1 
A4.9.3 Cross-Sectional Properties 
Figure A4.9-1 presents the geometric dimensions of the cross section and Table A4.9-2 
summarizes the cross-sectional properties. Since the girder and the slab had different concrete 
strengths, the composite section properties were computed based on the transformed slab width 
and using the calculated modulus of elasticity of the precast girder. 
A4.9.4 Load and Tendon Profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A4.9-2. Figure A4.9-3 illustrates the strand profile used for Girder 4.  
A4.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
Table A4.9-3 lists the calculated losses of prestress along the length of the girder. All 
locations are measured from the extreme end of the girder. The average effective prestress at the 
end of the service life ksi 4.116fpe = . 
A4.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
Concrete stresses immediately after transfer were calculated and are given in Table A4.9-
4. All locations in this table are measured from the extreme end of the girder. 
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A4.9.7 Flexural Strength Design 
Table A4.9-5 summarizes the flexural strength design of the girder for the ultimate design 
load of kips/ft 16.43w u = for selected locations along the length of Girder 4. The locations are 
measured from the left support. Figure A4.9-4 also shows the moment envelope curves for the 
design ultimate moment and the nominal flexural strength.  
A4.9.8 Shear Design of Girder 4 
 Calculations for the shear design of Girder 4 are summarized in Table A4.9-6 and Figure 
A4.9-5.  
A4.9.9 Drawings of Girder 4 
Figure A4.9-6 through Figure A4.9-10 present the fabrication drawings for Girder 4.  
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Table A4.2-1 Measured Materials Properties of Girder 4 
Materials G4E & G4W 
Deck Slab  
Concrete strength, 'cf  6.3 ksi  
Modulus of elasticity of slab Ec 4,812 ksi 
Precast Girder  
Concrete strength, 'cf  16.3 ksi  
Strain at peak stress 'cε  0.0034 
Modulus of elasticity of Girder  7,740 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     153.7 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #4: 67.8 ksi (fy) , 106.1 ksi (fu) 
#5 :64.6 ksi (fy) , 101.8 ksi (fu) 
Others: 60.0 ksi (fy) , 90 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
  (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A4.2-2 Sectional Properties of Girder 4 
Cross-Section Properties G4E & G4W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.622 
Total transformed area of the composite section, Ac 974 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 640,857 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.74 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
31.26 in 
Composite section modulus for the bottom, Sbc 15,354 in3 
Composite section modulus for the top, Stc 20,499 in3 
Weight of composite section 1.180 kip/ft 
 
Table A4.3-1 Load values for Load stages 
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 17.56 386.4 5409.0 386.4 
2 21.61 475.5 6656.6 475.5 
3 26.90 591.8 8284.9 591.8 
4 30.61 673.5 9429.1 673.5 
5 34.73 764.2 10698.1 764.2 
6 42.65 938.3 13136.4 938.3 
7* 42.74 940.2 13163.3 940.2 
(* : Load Stage of Failure) 
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Table A4.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
17.63 0.15 0 0 0 0.15 
21.61 0.15 0 0 0 0.25 
26.9 0.2 0 0 0 0.3 
30.61 0.25 0.05 0.1 0.15 0.3 
34.73 0.25 0.25 0.15 0.25 0.35 
42.65 0.3 0.8 0.35 0.8 0.55 
42.74 0.3 0.8 0.35 0.8 0.55 
Table A4.5-1 First Web Shear Cracking and STD prediction G4E 
End: G4E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 16.3 
Cracking Load w (k/ft) 14.26 
Cracking Section Location from support  (in) 54.6 
Neutral axis of composite section Ycb (in) 41.74 
Measured crack angle Testθ  (deg) 35 
Cracking shear force at section TestV  (kips) 291.6 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 153.7 
Total prestress force ppepe AfF =  (kips) 1467.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 9.62 
Self-Weight Moment Md  (k-ft) 121.9 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1220.5 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 330.1 
Ratio of cwTest VV 0.88 
Concrete Cracking Strength 'ct ff 4=  (psi) 510.7 
tpcMohr ffcot +=θ 1  1.84 
Mohrθ (deg) 28.5 
Ratio of MohrTest θθ  1.23 
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Table A4.5-2 Stirrup strains of East End (w = 42.74 kips/ft ) 
 S9 S10 S11 S12 S13 S14 S15 S16 
4 744 1113 930 1162 N/A 1557 429 -102 
3 896 1026 N/A 1672 1417 1806 1213 N/A 
2 891 1058 786 1047 1053 N/A 2020 -342 
1 548 1073 1174 1401 837 1557 1336 262 
 
Table A4.5-3 Concrete strain gage locations at East End 
No X Y θ  No X Y θ  No X Y θ  
E1 54.8 27.8 31 E5 14.9 17.6 47 EB1 -5.0 12.0 0 
E2 45.4 38.4 30 E6 5.3 18.1 50 EB2 -5.0 6.0 0 
E3 34.5 28.0 31 E7 8.8 16.4 38 EB3 5.0 6.0 0 
E4 25.0 17.2 38         
 
Table A4.5-4 Concrete strains at East End under peak load 33.93 kips/ft (unit: sµ ) 
Gage E1 E2 E3 E4 E5 E6 E7 
Strain -612 -756 -1285 -1212 -1418 -619 -991 
Gage EB1 EB2 EB3     
Strain 693 199 478     
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Table A4.5-5 LRFD Shear Prediction for G4E  
 Cell 1 Cell 2 Prediction 
Concrete Strength 'cf   (ksi) 16.3 16.3 16.3 
External Load uw (k/ft) 42.46 43.65 43.47 
Critical Section (ft) 5.38 4.99 5.05 
Shear Force uV (kips) 833.1 873.4 867.2 
Moment uM (k-ft) 4905.3 4705.5 4738.2 
Effective prestress pef  (ksi) 153.7 153.7 153.7 
ed (in) 67.67 67.67 67.67 
vd (in) 60.90 60.90 60.90 
'
cfv  0.1399 0.1466 0.1456 
1000x ×ε  0.125 -0.00015 0.01797 
β  2.60 2.52 2.53 
θ  26.9 28.8 28.5 
yf (ksi) 64.60 64.60 64.60 
sAv  (in2/in) 0.62/6 0.62/6 0.62/6 
cV (kips) 121.2 117.5 118.0 
sV (kips) 801.3 739.5 748.4 
pV (kips) 0 0 0 
psc VVVV ++= (kips) 922.5 857.0 866.5 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1489.0 1489.0 1489.0 
Nominal Shear nV (kips) 922.5 857.0 866.5 
Nominal Load nw (kips/ft) 47.02 42.83 43.43 
Error nun w/|ww| −  9.7% 1.9% 0.1% 
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Table A4.5-6 STD Shear Prediction for G4E  
 STD Prediction 
Concrete Strength 'cf   (ksi) 16.3 
Test Load uw (k/ft) 42.74 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 922.3 
Moment due to test load uM (k-ft) 3212.0 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 153.7 
Total prestress force ppepe AfF =  (kips) 1467.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 9.62 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 4975.7 
b
d
d S
M
f =  (psi) 92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7228.7 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 2132.3 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 1212.3 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 329.1 
)V,Vmin(V cwcic = 329.1 
yf (ksi) 64.6 
sA v  (in
2/in) 062/6 
s
dfA
V yvs =  (kips) 414.7* 
scn VVV +=   (kips) 743.8 
Nominal Load STDw (kips/ft) 34.47 
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(* kips .dbf  kips .
s
dfA
V w
'
c
yv
s 741487451 =>== , kips .Vs 7414= ) 
Table A4.5-7 Comparison of the measured capacity and prediction 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G4E 42.74 43.43 43.28 34.47 0.98 0.99 1.24 
Table A4.6-1 First Web Shear Cracking and STD prediction G4W 
End: G4W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 16.3 
Cracking Load w (k/ft) 15.44 
Cracking Section Location from support  (in) 60.48 
Neutral axis of composite section Ycb (in) 41.74 
Measured crack angle Testθ  (deg) 34 
Cracking shear force at section TestV  (kips) 308.2 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 153.7 
Total prestress force ppepe AfF =  (kips) 1467.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 9.62 
Self-Weight Moment Md  (k-ft) 133.7 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1224 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 330.5 
Ratio of cwTest VV 0.93 
Concrete Cracking Strength 'ct ff 4=  (psi) 510.7 
tpcMohr ffcot +=θ 1  1.84 
Mohrθ (deg) 28.5 
Ratio of MohrTest θθ  1.19 
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Table A4.6-2 Stirrup strains of West End (w = 42.74 kips/ft ) 
 S1 S2 S3 S4 S5 S6 S7 S8 
4 -112 257 1583 N/A 1282 538 1195 388 
3 -152 1403 1645 1736 1331 319 700 851 
2 -122 1275 1924 1395 1009 181 1090 507 
1 -1 2158 1109 1260 891 474 1308 405 
 
Table A4.6-3 Concrete strain gage locations at West end 
No X Y θ  No X Y θ  No X Y θ  
W1 17.4 18.8 30 W5 34.3 14.2 90 W9 78.3 53.3 43 
W2 24.1 29.7 38 W6 59.7 40.2 38 W10 81.3 54.5 0 
W3 26.1 29.1 38 W7 60.3 39.0 38 W11 61.6 40.4 0 
W4 24.6 18.0 30 W8 63.7 41.3 90 W12 66.2 43.7 90 
 
Table A4.6-4 Concrete strains of West End under failure load 42.85 kips/ft (Unit: sµ ) 
Gage W1 W2 W3 W4 W5 W6 
Strain -814 -805 -918 -805 20 -948 
Gage W7 W8 W9 W10 W11 W12 
Strain -831 554 -826 -385 -370 -53 
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Table A4.6-5 LRFD Shear Prediction for G4W ( ksi 3.16f 'c = , ksi 7.153fpe = ) 
 Cell 1 Cell 2 Prediction 
Concrete Strength 'cf   (ksi) 16.3 16.3 16.3 
External Load uw (k/ft) 42.46 43.65 43.47 
Critical Section (ft) 5.38 4.99 5.05 
Shear Force uV (kips) 833.1 873.4 867.2 
Moment uM (k-ft) 4905.3 4705.5 4738.2 
Effective prestress pef  (ksi) 153.7 153.7 153.7 
ed (in) 67.67 67.67 67.67 
vd (in) 60.90 60.90 60.90 
'
cfv  0.1399 0.1466 0.1456 
1000x ×ε  0.125 -0.00015 0.01797 
β  2.60 2.52 2.53 
θ  26.9 28.8 28.5 
yf (ksi) 64.60 64.60 64.60 
sAv  (in2/in) 0.62/6 0.62/6 0.62/6 
cV (kips) 121.2 117.5 118.0 
sV (kips) 801.3 739.5 748.4 
pV (kips) 0 0 0 
psc VVVV ++= (kips) 922.5 857.0 866.5 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1489.0 1489.0 1489.0 
Nominal Shear nV (kips) 922.5 857.0 866.5 
Nominal Load nw (kips/ft) 47.02 42.83 43.43 
Error nun w/|ww| −  9.7% 1.9% 0.1% 
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Table A4.6-6 STD Shear Prediction for G4W  
 STD Prediction 
Concrete Strength 'cf   (ksi) 16.3 
Test Load uw (k/ft) 42.74 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 922.3 
Moment due to test load uM (k-ft) 3212.0 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 153.7 
Total prestress force ppepe AfF =  (kips) 1467.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 9.62 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 4975.7 
b
d
d S
M
f =  (psi) 92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7228.7 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 2132.3 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 1212.3 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 329.1 
)V,Vmin(V cwcic = 329.1 
yf (ksi) 64.6 
sA v  (in
2/in) 062/6 
s
dfA
V yvs =  (kips) 414.7* 
scn VVV +=   (kips) 743.8 
Nominal Load STDw (kips/ft) 34.47 
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Table A4.6-7 Comparison of the measured capacity and prediction 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G4W 42.74 43.43 43.28 34.47 0.98 0.99 1.24 
Table A4.7-1 Loadings for Zurich readings 
Loading  (kips/ft) 0 21.61 34.73 42.65 
Zurich Stage Number 1,2 3 4 5 
 
Table A4.8-1(a) Bulb surface strain of G4W 
Strain(µε ) 
Release(11/26/02) Number 
Before After 12/19/02 
12/19/03 
1-3 0 -496 -736 N/A 
2-4 0 -782 -1076 -1571 
3-5 0 -623 -1251 N/A 
4-6 0 -968 -1299 -2088 
5-7 0 -902 -1205 N/A 
6-8 0 -806 -1049 -1625 
7-9 0 -881 -1204 -1894 
8-10 0 -867 -1289 -2035 
9-11 0 -819 -1062 -1696 
10-12 0 -840 -1156 N/A 
 
Table A4.8-1(b) Bulb surface strain of G4M 
Strain(µε ) 
Release(11/26/02) Number 
Before After 12/19/02 
12/19/03 
C1-C3 0 -827 -1072 -1737
C2-C4 0 -813 -1082 N/A
C3-C5 0 -814 -1068 -1619
C4-C6 0 -815 -1060 N/A
C5-C7 0 -817 -1047 -1791
C6-C8 0 -813 -1055 -1686
C7-C9 0 -789 -1063 -1677
C8-C10 0 -870 -1035 -1608
C9-C11 0 -841 -1056 -1778
C10-C12 0 -838 -1057 -1804
C11-C13 0 -839 -1070 N/A
Average 0 -825 -1060 -1712
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Table A4.8-1(c) Bulb surface strain of G4E 
Strain(µε ) 
Release(11/26/02) Number 
Before After 12/19/02 
12/19/03 
1-3 0 -601 -872 -936
2-4 0 -842 -1172 -1533
3-5 0 -1003 -1293 -1808
4-6 0 -938 -1366 -2041
5-7 0 -953 -1526 -2240
6-8 0 -1004 -1412 -1974
7-9 0 N/A -1032 N/A
8-10 0 -894 -1235 -1939
9-11 0 -930 -1246 N/A
10-12 0 -840 -1217 -1835
 
Table A4.8-2  Strain gage location in confinement cage 
Gage Number 1 2 3 4 5 6 7 8 9 10 
Distance from the end(in) 10 20 30 40 7 22 32 7 22 32 
 
Table A4.8-3 Strains in Confinement Cages of Girder 4( sµ ) 
G4E G4W 
Release(11/26/02) Release(11/26/02) Gauge 
before After 12/19/02
Gauge 
before After 12/19/02
1 0 -839 -945 1 0 -709 -810
2 0 -1421 -1691 2 0 -1323 -1552
3 0 -1189 -1438 3 0 -1305 -1582
4 0 -1241 -1464 4 0 -1153 -1350
5 0 251 270 5 0 313 371
6 0 285 350 6 0 329 405
7 0 186 263 7 0 230 305
8 0 N/A N/A 8 0 569 611
9 0 295 395 9 0 324 423
10 0 258 295 10 0 N/A N/A
 
Table A4.8-4 Strains in the first gauged stirrup at each end of Girder 4 (µε ) 
G4E G4W 
Release(11/26/02) Release(11/26/02) Gauge 
before After 12/19/02
Gauge 
before After 12/19/02
1 0 473 680 1 0 680 823
2 0 10 62 2 0 58 144
3 0 69 114 3 0 172 275
4 0 42 392 4 0 49 412
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Table A4.8-5 Strain and strain change of skin bars at G4W 
Strain(µε ) Strain change(µε ) 
Release(11/26/02) G4W 
Gage No. 
(Location) 
Before After 12/19/02 
12/19/03 Release 11/26/02~  12/19/02 
12/19/02~
 12/19/03
1(6’’) 0 -199 -187 2491 -199 12 2678
2(21’’) 0 -630 -741 -311 -630 -111 430
H18 
3(45’’) 0 -805 -923 -2695 -805 -118 -1772
1(21’’) 0 -164 -127 1494 -164 37 1621
2(45’’) 0 -461 -499 -1476 -461 -38 -977
H30 
3(75’’) 0 -553 -601 -900 -553 -48 -299
 
Table A4.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G4E & G4W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  11.9 ksi 
Concrete strength at 28 days, 'cf  14.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 6,613 ksi  
Modulus of elasticity of Girder  7,173 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #4 :67.8 ksi 
#5 :64.6 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A4.9-2 Sectional properties of Girder 4 (Design Value) 
Cross-Section Properties G4E & G4W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.598 
Total transformed area of the composite section, Ac 964 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 633,724 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.46 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
31.57 in 
Composite section modulus for the bottom, Sbc 15,284 in3 
Composite section modulus for the top, Stc 20,094 in3 
Weight of composite section 1.180 kip/ft 
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Table A4.9-3 Prestress losses along the Girder 4 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 
pESf∆ (ksi) 21.48 21.34 21.15 21.02 20.94 20.91 20.94 21.02 21.15 21.34 21.48 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 59.69 59.16 58.45 57.94 57.63 57.53 57.63 57.94 58.45 59.16 59.69 
2pRf∆ (ksi) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 pTf∆  (ksi) 87.67 87.00 86.10 85.46 85.07 84.94 85.07 85.46 86.10 87.00 87.67 
pef (ksi) 114.8 115.5 116.4 117.0 117.4 117.6 117.4 117.0 116.4 115.5 114.8 
 
Table A4.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -5.81 -5.76 -5.71 -5.67 -5.64 -5.63 -5.64 -5.67 -5.71 -5.76 -5.81
tf (ksi) 0.83 0.78 0.72 0.68 0.65 0.65 0.65 0.68 0.72 0.78 0.83
1.2T(kips) 139.9 129.3 115.1 105.1 99.1 97.1 99.1 105.1 115.1 129.3 139.9
 
 
Table A4.9-5 Flexural Strength of Girder 4 ( kips/ft 16.43w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 4855.5 8632 11329.5 12948 13487.5 12948 11329.5 8632 4855.5
c (in) 11.48 11.48 14.27 14.27 14.27 14.27 14.27 11.48 11.48
ed (in) 65.18 65.18 67.27 67.27 67.27 67.27 67.27 65.18 65.18
ed/c  0.176 0.176 0.212 0.212 0.212 0.212 0.212 0.176 0.176
psf (ksi) 256.7 256.7 253.5 253.5 253.5 253.5 253.5 256.7 256.7
nM (k-ft) 12071.4 12071.4 16514.7 16514.7 16514.7 16514.7 16514.7 12071.4 12071.4
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Table A4.9-6 Shear Design of Girder 4 ( ksi 4.116fpe = ) 
 G4W&G4E 
X (ft) 5.15 
(44.85) 
12.84 
(37.16) 
19.64 
(30.36) 
25.00 
(25.00) 
uw (k/ft) 43.16 43.16 43.16 43.16 
uV (kips) 856.73 524.83 231.34 0.00 
uM (k-ft) 4984.5 10296.6 12867.5 13487.5 
ed (in) 67.67 67.67 69.18 69.18 
vd (in) 60.90 60.90 62.26 62.26 
'
cfv  0.1675 0.1026 0.0442 0.0000 
1000x ×ε  0.126 1.171 0.670 0.631 
β  2.52 1.9 2.38 2.38 
θ  28.0 41.0 33.7 33.7 
θcotd v (in) 114.54 70.06 93.36 93.36 
cV (kips) 108.87 82.09 105.12 105.12 
pV (kips) 0 0 0 0 
reqsV , (kips) 747.85 442.74 126.22 0.00 
yf (ksi) 64.60 64.60 64.60 64.60 
reqv )sA( (in2/in) 0.1011 0.0978 0.0209 0.0000 
Max space s 12 24 24 24 
Min sAv  0.01098 0.010982 0.010982 0 
vA  (
2in ) 0.62 0.62 0.62 0.62 
s (in) 6 6 10 24 
sAv  (in2/in) 0.1033 0.1033 0.0620 0.0258 
cV (kips) 108.87 82.09 105.12 105.12 
sV (kips) 764.57 467.66 373.91 155.80 
pV (kips) 0 0 0 0 
nV (kips) 873.44 549.74 479.03 260.92 
nw (kips/ft) 44.002 45.2092 89.3719 - 
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Total Length = 52 ft
42 straight bottom strands + 2 straight top strands
midspan21 - #3 G7 Bars @5” = 8’ 4”2” 2”
5 - #5 G4 Bars @12” = 5’
21 - #3 G7 Bars @5” = 8’ 4”
#5 G3 Bars#5 G3 Bars
5 - #5 G5 Bars @2”
+ 1-#5 G3 Bar at inner side
5 - #5 G5 Bars @2”
+ 1-#5 G3 Bar at inner side
16 - #5 G4 Bars @6”= 8’
6 Spacing @10”= 5’31 Spacing @6”= 15’ 6” 31 Spacing @6”= 15’ 6”6 Spacing @10”= 5’ 1’
16 - #5 G4 Bars @6”= 8’5 - #5 G4 Bars @12” = 5’
2 Spacing 
@24”= 4’
2 Spacing 
@24”= 4’
 
Figure A4.1-1 Elevation of Girder 4 Showing Reinforcement 
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Figure A4.1-2 Details of Reinforcement of End G4W 
 
Span Length = 50 ft
Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A4.3-1 Loading Pattern of Test for Girder 4 
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Figure A4.3-2 Loading history Girder 4 Test  
 
West End                                                           Midspan                                                    East End 
 
(a) Load Stage 1 (Load: 17.56 kips/ft) 
 
(b) Load Stage 2  (Load: 21.61 kips/ft) 
 
(c) Load Stage 3  (Load: 26.90 kips/ft) 
 
(d) Load Stage 4  (Load: 30.61 kips/ft) 
 
(e) Load Stage 5  (Load: 34.73 kips/ft) 
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(f) Load Stage 6 (Load: 42.65 kips/ft) 
 
(g) Load Stage 7 (Load: 42.74 kips/ft) 
Figure A4.4-1 Crack patterns of Girder 4 
 
  
Figure A4.4-2 Diagonal Cracking of Girder 4 in Load Stage 1 
  
Figure A4.4-3 Diagonal Cracking of Girder 4 in Load Stage 2 
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Figure A4.4-4 Diagonal Cracking of Girder 4 in Load Stage 3 
 
Figure A4.4-5 Flexural cracks near mid-span Girder 4 in Load Stage 4 
  
Figure A4.4-6 State of Cracking in Load stage 5 
 A4-41
 
Figure A4.4-7 East end of Girder 4 at the end of Load Stage 6 
 
 
 
Figure A4.4-8 West end of Girder 4 at the end of Load Stage 6 
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Figure A4.4-9 Flexure-shear cracks near mid-span of Girder 4 
 
 
Figure A4.4-10 Longitudinal Splitting of the bottom bulb 
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Figure A4.5-1 Location of first cracks for East End (G4E) 
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Figure A4.5-2 Crack Angle Distribution at G4E 
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Figure A4.5-3 Shear Force versus Shear Strain Curves of East End Test (G4E) 
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Figure A4.5-4 Strains of Shear Reinforcements of East End (G4E) 
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Figure A4.5-5 Concrete Strain Gages at East End 
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Stirrup 15 (S15) Stirrup 16 (S16)  
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Figure A4.5-6 Concrete strains at East End 
 A4-47
0
5
10
15
20
25
30
35
40
45
-0.005 0 0.005 0.01 0.015 0.02 0.025
East End (G4E) Slip (inch)
U
ni
fo
rm
 L
oa
d 
(k
ip
/ft
)
 
Figure A4.5-7 Strand slips of East End  
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Figure A4.5-8 Vertical Deflections of East End Test 
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Figure A4.5-9 Longitudinal Strains of East End Test 
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(b) 
Figure A4.5-10 Reinforcement Strains in Bottom Cage of G4E 
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G4E: : f΄c = 16.3 ksi; 2-#5@6, ρvfy = 1113 psi; w = 42.74 kips/ft; R = 940.1 kips 
Figure A4.5-11 Failure Mode of G4E 
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Figure A4.6-1 Location of first cracks for East End (G4W) 
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Figure A4.6-2 Crack Angle Distribution at G4E 
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Figure A4.6-3 Shear Force versus Shear Strain Curve of West End Test(G4W) 
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Figure A4.6-4 Strains of Shear Reinforcements of West End (G4W) 
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Figure A4.6-5 Concrete Strain Gages at West End 
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Figure A4.6-6 Concrete strains at West End 
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Figure A4.6-7 Strand slips of West End  
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Figure A4.6-8 Vertical deflections of the West End Test 
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Figure A4.6-9 Longitudinal Strains of West End Test 
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(b) 
Figure A4.6-10 Reinforcement Strains in Bottom Cage of G4W 
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Figure A4.6-11 Longitudinal Reinforcement Strains of Web Skin bars of G4W 
 
   
 
G4W: f΄c = 16.3 ksi; 2-#5@6, ρvfy = 1113 psi; w = 42.74 kips/ft; R = 940.1 kips 
Figure A4.6-12 Failure Mode of G4W 
 
 
 
Figure A4.7-1 Target Numbers and Locations 
 
 A4-56
Col = 32 Col = 33 Col = 34 Col = 35 Col = 36 Col = 37 Col = 38 Col = 39 Col = 40 Col = 41 Col = 42 Col = 43 Col = 44 Col = 45 Col = 46
0.32 0.04 0.36 0.01 0.17 0.10 0.11 0.14 0.04 0.24 0.03 0.04 0.04 0.02 -0.15
0.24 0.03 0.04 -0.00 -0.08 -0.08 -0.09 -0.07 -0.12 -0.10 -0.14 -0.10 -0.19 -0.16 -0.21
0.09 0.12 0.14 0.41 -0.02 0.31 0.35 0.29 0.39 0.25 0.33 0.17 0.27 0.47 0.51 0.32
0.28 0.23 0.54 0.71 0.41 0.84 0.73 0.78 0.58 0.70 0.63 0.53 0.67 0.85 0.77
0.39 0.26 0.23 0.79 0.18 0.31 0.55 0.44 0.36 0.32 0.35 0.13 0.00 0.08 0.11
0.44 0.20 0.05 0.18 -0.00 -0.01 -0.05 -0.12 -0.13 -0.05 -0.04 -0.10 -0.14 -0.12 -0.17
-0.02 0.08 0.01 0.30 0.17 0.17 0.22 0.35 0.50 0.54 0.15 0.60 0.46 0.39 0.40 0.49
0.38 0.38 0.23 1.34 0.57 0.78 1.00 1.22 1.41 1.36 0.95 1.19 0.90 0.86 1.00
0.70 0.47 0.07 1.13 0.52 0.46 0.40 0.38 0.69 0.87 0.17 0.46 0.27 0.22 0.11
0.45 0.29 0.36 0.40 0.03 0.03 -0.01 0.00 0.03 -0.02 -0.11 -0.15 -0.15 -0.13 -0.12
0.02 0.14 0.13 0.04 0.49 0.35 0.48 0.32 0.29 0.41 0.55 0.31 0.49 0.51 0.51 0.37
0.68 0.87 0.10 1.06 1.39 1.37 1.35 1.14 1.29 1.89 1.15 1.26 1.39 1.27 1.09
0.69 0.97 0.56 0.50 0.87 0.69 0.84 0.74 0.71 0.96 0.57 0.40 0.48 0.48 0.41
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Figure A4.7-2 Deformation of Zurich Grid at East Half of Girder 4 (Unit: mm, w = 42.65 kips/ft) 
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Figure A4.7-3 Deformation of Zurich Grid at West Half of Girder 4 (Unit: mm, w = 42.65 kips/ft) 
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Figure A4.8-1 Surface strain of Girder 4 
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Figure A4.8-2 Strain gages in confinement cage 
 
Figure A4.8-3 Gaged Stirrup 
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Figure A4.8-4 Location and number of gauges in skin bars 
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Figure A4.9-1 Cross-Sectional Dimensions of Girder 4 
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Figure A4.9-2 Loading set-up 
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Figure A4.9-3 Tendon Profile of Girder 4 
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Figure A4.9-4 Flexural Strength of Girder 4 
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Figure A4.9-5 Shear Design of Girder 4 
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A5 Presentation of Experimental Results for Girder 5 
 
A5.1 Introduction 
The objectives of the tests on Girder 5 were to investigate the shear strength for a girder 
cast with the minimum amount of shear reinforcement permitted by the LRFD specifications in 
accordance with Article 5.8.2.5. Girder 5 was designed for a shear stress of 0.85 ksi at the first 
critical shear section from each support and was cast with a concrete with a specified 
compressive strength of 18 ksi. Regular deformed bar reinforcement was used for shear 
reinforcement in the West half of Girder 5 (G5W) while welded-wire reinforcement (WWR) was 
used in the East half of the girder (G5E). All shear reinforcements were #3 bars with a spacing of 
20 inches. A total of 24 0.6-inch diameter straight strands were used in the bottom bulb. Four #7 
deformed bars, 55 inch long, were placed at both ends of Girder 5 to satisfy longitudinal tension 
demands. Figures A5.1-1 and A5.1-2 present the reinforcement layout. Girder 5 was designed to 
satisfy the requirements of the AASHTO LRFD Bridge Design Specifications 2nd Edition 
including 2001 Revisions and a summary of this design is provided in Section A5.9. 
A5.2 Measured Material Properties and Cross-Sectional Properties 
Girder 5 was cast on 12/05/2003 and the strands were released on 12/09/2003. It was 
loaded until the West end failed on 06/14/2004, repaired and strengthened, and then was re-
loaded until the East end failed on 06/22/2004. The measured cylinder compressive strength was 
17.8 ksi. Table A5.2-1 summarizes the measured material properties. Table A5.2-2 2 presents the 
properties of the cross section.  The composite section properties were computed based on the 
transformed slab width and using the calculated modulus of elasticity of the precast girder. 
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A5.3 Loading History 
Girder 5 was first loaded on June 14, 2004 until the West End (G5W) failed. After the 
West end was repaired, the girder was reloaded on June 22, 2004 until the East end failed.  
 A5.3.1 Test Load for West End (G5W)  
Girder 5 was loaded using 44 jacks distributed over the central 44 feet of the span. Figure 
A5.3-1 illustrates the loading pattern. This pattern was the typical loading pattern used in most of 
the experiments. The West end failed under a distributed loading of 19.90 kips/ft. The complete 
loading history for the girder is shown in Figure A5.3-2. Loading stages 1 through 7 are 
indicated on the loading curves. 
A5.3.2 Test Load for East End (G5E)  
After the completion of the West End test, a concrete diaphragm was cast between the 
bottom bulb and top flange and the region prestressed using vertical post-tensioning bars. The 
girder was then reloaded on June 22, 2004 until the East end (G5E) failed under a distributed 
loading of 23.70 kips/ft. Figure A5.3-3 shows the loading pattern used and Figure A5.3-4 shows 
the loading history for the East end test. Loading stages 7 through 11 and identified on this 
loading history.  
A5.3.3 Loading Stages 
As identified on the loading history curves, a total of 11 loading stages were used over 
the duration of the test. Table A5.3-1 lists the maximum load value for each load stage. Also 
listed in the Table A5.3-1 are the reaction forces RWest at the West support and REast at the East 
support, as well the mid-span moment MMid corresponding to that stage loading level. 
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A5.4 Behavior of Girder 5 
Figure A5.4-1 presents the development of cracking through the crack patterns that were 
measured at each load stage. Beneath each crack diagram are reported the associated maximum 
load value. Table A5.4-1 presents a summary of the development of cracking. For each load 
stage the maximum crack widths are presented for the web-shear zone (WS) and the flexure-
shear zone (FS) of both ends as well as the flexure cracks (F) in the bottom bulb. The crack 
widths are given in the measured units of mm. A description is now provided of the observed 
behavior of the girder at each load stage. 
(1) Load Stage 1 (w = 12.20 kips/ft) 
The first diagonal cracks occurred at the West end at a load of 12.20 kips/ft at an angle of 
approximately 35 degrees. The maximum crack width was quite large and equal to 0.50 mm. 
Figure A5.4-2 shows the state of cracking at Load Stage 1.  
 (2) Load Stages 2 (w = 13.10 kips/ft) 
With increasing load to13.10 kips/ft, additional cracking occurred at the West end and the 
maximum crack width reached 0.75 mm. Figure A5.4-3 shows the state of cracking at Load 
Stage 2. There was no observed cracking at the East End. 
 (3) Load Stage 3 (w=15.40 kips/ft) 
With increasing load to 15.40 kips/ft, additional cracking occurred at the West end and 
the maximum crack width was 1.50 mm. Figure A5.4-4 shows the state of cracking at Load 
Stage 3. There was no observed cracking at the East End. 
 (4) Load Stage 4 (w=16.80 kips/ft) 
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Additional cracking occurred at the West end and the maximum crack width reached 1.50 
mm. The first diagonal cracks occurred at the East end at a load of 16.80 kips/ft and at an angle 
of 43 degrees. The maximum crack width at the East end was 0.75 mm. Figure A5.4-4 shows the 
diagonal cracking at the East end at Load Stage 4. 
 (5) Load Stage 5 (w = 18.20 kips/ft) 
As the load increased, additional shear cracks occurred at both ends of the girder. 
Flexural cracking occurred first near mid-span at a load of approximately 17.1 kips/ft. At a load 
of 18.20 kips/ft, one of those flexural crack on the East side of the girder changed to a flexure-
shear crack as shown in Figure A5.4-6. 
 (6) Load Stage 6 (w = 18.70 kips/ft) 
As shown in Figure A5.4-1(f), there was very little change in the crack pattern at this 
stage, but cracks were rapidly increasing in width. The maximum shear crack widths were 1.50 
mm (G5E) and 2.5 mm (G5W). Under the load of 18.70 kips/ft, severe web deformations had 
localized near the West end support as shown in Figure A5.4-7.  
 (7) Load Stage 7 (w = 19.90 kips/ft) 
The West end of the girder failed under a loading of 19.90 kips/ft in a very brittle manner. 
Local crushing was observed in the web immediately above its connection with the lower flange 
and in the vicinity of the face of the support.  That crushing was accompanied by continuously 
increasing local web deformations. The maximum shear crack width before failure reached 2.5 
mm (G5W). Figure A5.4-8 describes the failure mode. 
 (8) Repair of West End 
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The girder was then completely unloaded and the West end was strengthened with the use 
of a 14-foot long diaphragm and external shear reinforcement. See Figure A5.4-9. 
 (9) East End Test 
After strengthening Girder 5 was reloaded again on June 22, 2004. With increasing load 
to 22.07 kips/ft, additional flexure-shear cracks formed from mid-span to about the quarter-span 
and the maximum flexure-shear crack widths reached 0.60 mm , as shown in Figure A5.4-10. 
The East end of the girder failed in diagonal tension under a loading of 23.7 kips/ft with at least 5 
mm of web-shear crack opening before the failure occurred as shown in Figure A5.4-11. The 
bottom bulb flange broke at the face of support as shown in Figure A5.4-12. As shown in Figure 
A5.4-13, the welded wire reinforcement crossing the failure plane was ruptured and the crack 
surface was smooth.  
A5. 5 Experimental Results for East End (G5E) Test 
A5.5.1 Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 16.80 
kips/ft. The first crack crossed the centroid of the composite section ( in 32.41=cby ) at an angle 
of 43 degrees and at a longitudinal distance of 49.2 inches from the extreme East end (37.2 
inches from the center line of the East support). See Figure A5.5-1.  Table A5.5-1 presents the 
calculations for comparing the measured and predicted web-shear cracking loads. Web-shear 
cracking occurred at a shear force of VTest of 367.8 kips, while the calculated AASHTO STD 
web-shear cracking load Vcw was 280.7 kips, for a shear cracking strength ratio of VTest/Vcw = 
1.31. Table A5.5-1 also compares the angle of measured and calculated diagonal cracking. The 
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measured cracking angle was ӨTest = 43 degree while the predicted cracking angle from elastic 
stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr = 33.6 
degree, for a crack angle ratio of ӨTest/ӨMohr is 1.28.   
(2) Distribution of Shear Crack Angles 
Figure A5.5-2 illustrates the distribution of shear crack angles for the East half of Girder 
5 (G5E). The longitudinal position of each crack is taken as the point that this crack crossed the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 20 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A5.5.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface to measure the web shear strains of the 
end region. Those LVDTs were grouped as four rectangular rosettes, with two placed at East end 
and two placed at the West End, as shown in Figure A5.5-3.  The LVDTs ED1 through ED6 
were at the East End. The gage lengths of the LVDTs were all 48 inches so that the computed 
strain is the average strain over a distance of 48 inches.  From the two diagonal strains 1diagonalε  
and 2diagonalε , the average shear strain γ of that region was computed for each rosette as 
)( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses obtained from those 
LVDTs is shown in Figure A5.5-3. Note the shear force V was calculated for the section at the 
center point of the rosette. The measured shear-strain response was linear elastic prior to 
cracking with a slope in the elastic range of 0.78 kips/µs (ED1 and ED3). Under the failure load 
 A5-7
w = 23.70 kips/ft, the shear forces and shear strains were V = 521.4 kips, γ = 6569 µs ( ED1 and 
ED3 ).  
A5.5.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S9 through S16 were placed on the East half of the girder, as shown 
in Figure A5.5-4. Figure A5.5-4 presents the development of straining in East end stirrups up to 
the peak load. Note that the strain values given are not the actual strains in the stirrups, but 
represent the change in strain resulting from the externally applied load since the gages readings 
were set to zero prior to loading. That said, the vertical strains in the stirrups due solely to the 
effects of prestressing have been measured in other girders and calculated by analyses to be very 
small. The stirrup yield strains were approximately 3180 micro-strain since in this case the 
stirrups were welded wire reinforcement.Table A5.5-2 presents the stirrup strain for each gage 
under the peak load of 23.70 kips/ft.  At least one gage in each stirrup recorded strains in excess 
of the yield strain for all stirrups except S9 near the center of the girder and S 16 at the end of the 
girder. 
A5.5.4 Concrete Strains at East End 
(1) Locations of Gages at East End 
There were a total of 24 strain gages at the East end, 19 on the web designated as “E*”’ 
and five on the bottom bulb designated as “EB*”, positioned as shown in Figure A5.5-5. The 
locations and angles of inclination for each gage are listed in Table A5.5-3.  
 (2) Concrete Strains at East End 
The web strains measured by the gages at the East end are shown in Figure A5.5-6. Table 
A5.5-4 summarizes the peak strain for each gage under the load 23.70 kips/ft. 
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A5.5.5 Strand Slip of East End (G5E) 
Strand slips were measured by LVDTs attached to the strands at both ends. Figure A5.5-7 
shows the strand slip curve for the East end tests. The strand did not show any slip until the load 
reached 19.78 kips/ft. After that stage, significant slip was observed with increasing load. The 
maximum slip reached was 0.022 inches.  
A5.5.6 Vertical Deflections During East End Test 
The deflections of the girder were measured with LVDT at five locations, as shown in 
Figure A5.5-8. The deflections reached their maximum values under the peak load of 23.70 
kips/ft. The maximum deflections were 0.051 in (V1) and 2.800 in (V3).   
A5.5.7 Longitudinal Strains 
Longitudinal strains were measured using LVDTs that were attached to the girder at four 
different locations as shown in Figure A5.5-9. Note that the strain is an average strain over a 
distance of 48 inches.The longitudinal strains at the peak load of 23.70 kips/ft were 637µs  (H1), 
2765µs  (H2), and -966 µs  (H4). The maximum compressive strain at mid-span of H4 was 
966µs .  The maximum tensile strain in the bottom bulb at the mid-span (H2, 2765µs ) means the 
prestress strands at midspan had already yielded at the ultimate load since 
s 2765 s 247428500/)5.1720.243(E/)ff( ppepy µ<µ=−=− . 
A5.5.8 Reinforcement strains in the Bulb Confinement Cage at G5E 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end of the girder. A total of 10 strain gages were attached on the 
cage as shown in Figure A5.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
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transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gage 8-10 were located along the bottom bulb. Table A5.8-2 lists the detailed 
gage locations in the cage. Table A5.8-3 presents the sets of strain measurements taken before 
testing.  
Figure A5.5-10(a) presents the development of longitudinal strains in the confinement 
cage. Gages 1, 2 and 3 measured increases in tensile strain with increasing load, and gage 4 was 
lost in the test. The measured tensile strains at the failure load of 23.70 kips/ft were 875 µs (gage 
1), 1355 µs (gage 2) and 1167 µs (gage 3). Figure A5.5-10(b) presents the development of 
transverse strains in the confinement cage. Only gages 8, 9, and 10 were working in the test. 
With increasing load gage 8 increased in tension and the maximum tensile strain reached 542 µs 
at failure. 
A5.5.9 Failure Mode of G5E 
When the external load reached 23.70 kips/ft and the support reaction force went up to 
521.4 kips, G5E failed in a very explosive manner due to huge crack opening and eventual bulb 
breaking, as shown in Figure A5.5-11. Stirrups yielded at cracking and strains in many of them 
were well above 10 µs before failure. Shortly before failure, there was a rapid widening of a 
main diagonal crack. This main crack was 126-inch long and 49-inch high with angle of 21 
degree. It crossed the overall web and met the web base at the point about 43 inches from the 
very end. The crack width of this main diagonal crack was from a little more than 3.0 mm to a 
little more than 8.0 mm.  There was also a dramatic “popping” sound with the widening and it is 
anticipated that many of the stirrups fractured. The member held this load for just a second and 
then the bottom bulb failed in shear in a brittle manner. The opening of the main crack after 
failure reached over 5 inches and stirrups completely broke after failure. Along with this fracture, 
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the top part of the web slid along the web-bulb interface above the support and towards the end 
of the member. The sliding reached 4.5 inches after failure. The concrete in the bulb above and 
inside of the support was completely destroyed. The average spacing of web shear cracks was 6 
inches before failure. Strand slip was also observed during the test and it reached 0.02 inches 
under the peak load. The top flange was not damaged in the test.  
A5.5.10 Ultimate Shear Capacity of G5E 
For the typical loading pattern shown in Fig.A5.3-3, G5E failed when the distributed loading 
reached 23.70 kips/ft. This section compares the measured capacity with the capacity calculated 
using LRFD, STD and R2K. 
LRFD: Table A5.5-5 presents the LRFD calculated shear capacity. The critical section 
was x = 6.94 ft from the East support. The LRFD calculated shear capacity at the critical section 
was 348.7 kips, which corresponds to an external load of wLRFD = 19.31 kips/ft for the same 
loading pattern as the test load. 
R2K: For the same critical section, x = 6.94 ft from the East support, as in LRFD method, 
R2K predicts a nominal shear capacity of 394.7 kips, which corresponds to an external load of 
wR2K = 31.86 kips/ft for the same loading pattern as the test load.  
STD: Table A5.5-6 presents the shear capacity calculated using the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support which is at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the center of the East support. The 
shear capacity calculated using the AASHTO STD is 352.0 kips, which corresponds to an 
external load of wSTD = 16.31 kips/ft for the same loading pattern as the test load. 
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Table A5.5-7 compares the measured capacity and the shear capacities calculated using 
LRFD, STD and R2K. 
A5. 6 Experimental Results for West End Test (G5W) 
A5.6.1 Shear Cracking at West End 
(1) First Web Shear Cracking at West End 
The first diagonal cracks occurred in the West end of the girder under a loading of 12.20 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 32.41=cby ) at an 
angle of 35 degrees and at a longitudinal distance of 65.88 inches from the extreme West end 
(53.88 inches from the center line of the West support). See Figure A5.6-1.  Table A5.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 250.3 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 281.9 kips, for a shear cracking strength ratio 
of VTest/Vcw = 0.89. Table A5.6-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 35 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 33.5 degrees, for a crack angle ratio of ӨTest/ӨMohr is 1.04.   
(2) Distribution of Shear Crack Angles 
Figure A5.6-2 illustrates the distribution of shear crack angles for the West half of Girder 
5 (G5W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 21 
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degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A5.6.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear strains of 
the end region. Those LVDTs were grouped as four rectangular rosettes, with two placed at the 
East end and two placed at the West End, as shown in Figure A5.6-3. LVDTs WD1 through 
WD6 were located at the West End. The gage lengths of the LVDTs were all 48 inches so the 
computed strain is the average strain over a distance of 48 inches.  From the two diagonal strains 
1diagonalε  and 2diagonalε , the average shear strain γ of that region was computed for each rosette as 
)( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses obtained from those 
LVDTs is shown in Figure A5.6-3. Note the shear force V was calculated for the section at the 
center point of the rosette. The shear strain response was linear until first shear cracking and the 
slopes for the elastic stage were about 0.60 kips/µs (WD1 and WD3) and 0.73 kips/µs (WD4 and 
WD6). Under the failure load w = 19.90 kips/ft, the shear forces and shear strains are V = 437.8 
kips, γ = 5575 µs ( WD1 and WD3 ) and V = 378.1 kips γ = 5210 µs (WD4 and WD6).  
A5.5.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S8 were placed on the West half of the girder, as shown 
in Figure A5.6-4. Figure A5.6-4 also presents the development of straining in the stirrups in the 
West half of the girder up to the peak load. Note that the values given are not the actual strains in 
the stirrups, but represent the change in strain resulting from the externally applied load since the 
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gages readings were set to zero prior to loading. That said, the vertical strains in the stirrups due 
solely to the effects of prestressing have been measured in other girders and calculated by 
analyses to be very small. The yield strains of stirrups were approximately 2640 micro-strain. 
Table A5.6-2 presents the stirrup strain of each gage under the peak load of 19.90 kips/ft. All the 
stirrups S3 through S7 developed strains greater than the yield strain for the stirrups.  
A5.6.4 Concrete Strains at West End (G5W) 
(1) Locations of Gages at West End 
A total of 20 concrete strain gages were attached at the West end as shown in Figure 
A5.6-5. A total of 15 strain gages on the web designated “W*” were used for measuring diagonal 
compression and monitoring the principal strains. The other five strain gages labeled  “WB*” 
were located along the center of gravity of the strands to record the effect of debonding on the 
change in strain in the bottom bulb. Table A5.6-3 lists the location and angle of inclination for 
each gage. 
(2) Concrete Strains of West End 
The web strains recorded by the gages at the West End are shown in Figure A5.6-6. Table 
A5.6-4 summarizes the peak strain for each gage under the failure load of 19.90 kips/ft. 
A5.6.5 Strand Slip of West End (G5W) 
Strand slips were measured by LVDTs attached to the strands at both ends. Figure A5.6-7 
shows the strand slip curve at the West end.  During the whole test no significant strand slip was 
observed. 
A5.6.6 Vertical Displacements During West End Test 
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Since the West end failed prior to the East end, during the West end test deflections at the 
five locations V1 through V5 in Figure A5.6-8 were all measured. The deflections under the 
failure load for the West end (19.90 kips/ft) were 0.068 in (V1), 1.668 in(V2), 1.383 in (V3), 
1.107 in (V4) and 0.169 in (V5).  The shape of the load-deflection curve for V3 suggests that the 
prestressing strands at mid-span had not yielded prior to failure.  
A5.6.7 Longitudinal Strains 
Figure A5.6-9 presents the longitudinal strains measured by the LVDTs at locations H1, 
H2, H3 and H4. Note that the strain is an average strain over a distance of 48 inches. 
The longitudinal strains at peak load (19.90 kips/ft) were 233µs  (H1), 1302µs  (H2), 426 µs  
(H3) and -536 µs  (H4). The maximum compressive strain at mid-span of H4 was 536. The 
maximum tensile stress in the bottom bulb at the mid-span (H2, 1302µs ) corresponds to a 
prestress increment of ksi 1.3710130228500 6 =×× − , which means that the prestressed strands 
had not yielded at failure since ksi 0.243f ksi 6.2091.375.172 py =<=+ . 
A5.6.8 Reinforcement strains in the Bulb Confinement Cage at G5W 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the West end of the girder. A total of 10 strain gages were attached 
on the cage as shown in Figure A5.8-2. Four strain gages, numbered 1 – 4, were used to measure 
the longitudinal strains, and the remaining gages, numbered 5 – 10, were for transversal strains. 
Gages 5-7 were located on the inclined reinforcement near the top of the bottom bulb while 
gages 8-10 were located along the bottom bulb. Table A5.8-2 presents the detailed gage locations 
on the cage. Table A5.8-3 presents the sets of strain measurements taken before testing.   
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Figure A5.6-10(a) presents the measured longitudinal strains versus load for the 
confinement cage. All gages measured increasing tensile straining with increasing load. At the 
failure load 19.90 kips/ft, the measured tensile strains were 353 µs (gage 1), 1354 µs (gage 2),  
1147 µs (gage 3) and 60 µs (gage 4). Figure A5.6-10(b) presents the measured transverse strains 
versus load for the confinement cage. Gages 5, 7, and 10 measured only small values during the 
test. Gage 8 and 9 measured some tensile straining. Gage 6 also measured very small straining 
until the test load reached 15.6 kips/ft and then it began to measure significant tensile strains. At 
the failure load of 19.90 kips/ft the measured tensile strains were 1235 µs (gage 6), 138 µs (gage 
8), and 95 µs (gage 9). 
A5.6.9 Failure Mode of G5W 
When external load reached 19.90 kips/ft, for which the corresponding support reaction force 
was 438.0 kips, a brittle failure occurred as shown in Figure A5.6-11. Most stirrups yielded at the 
time of diagonal cracking. There was a pre-existing horizontal crack in the web. The crack was at 
the height of 25 inches away from the very bottom, and it started from 80 inches away from the 
end and extended 120 inches to the middle span. As load increased, slippage occurred along the 
preexisting horizontal and the upper web moved towards the end side. Concrete began to spall in 
some small patches near the base of the web. These patches were about 54 inches away from the 
very end. Sign of local crushing continued to become more apparent as load increased. The 
external loading was then halted to prevent an explosive failure. The average spacing of web 
shear cracks was 6 inches and the maximum web shear crack width was 2.5 mm before failure. 
Shear slips occurred along shear cracks and the relative movement of upper strut was downward. 
No strand slip was observed in the test. The top flange and bottom bulb were not damaged with 
the exception of a few small cracked that had extended into the bottom bulb.  
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A5.6.10 Ultimate Shear Capacity of G5W 
For the typical loading pattern shown in Figure A5.1-2, G5W failed when the distributed 
loading was 19.90 kips/ft. This shear capacity is now compared with the shear capacity 
calculated using the LRFD and STD specifications as well as R2K. 
LRFD: Table A5.6-5 presents the calculated shear capacity by the LRFD specifications. 
The critical section was x = 6.94 ft from the West support. The LRFD calculated shear capacity 
at this critical section was 321.5 kips, which corresponds to an external load of wLRFD = 17.80 
kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section, x = 6.94 ft from the West support as in LRFD 
specifications, R2K predicts a nominal shear capacity of 391.9 kips, which corresponds to an 
external load of wR2K = 21.70 kips/ft for the same loading pattern as the test load.  
STD: Table A5.6-6 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support which is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the center of the West 
support. The shear capacity calculated using the AASHTO STD is 339.9 kips, which corresponds 
to an external load of wSTD = 15.75 kips/ft for the same loading pattern as the test load. 
Table A5.6-7 compares the measured capacity and the capacities calculated using LRFD, 
STD and R2K. 
A5.7 Zurich Gage Measurements 
A total of 315 aluminum targets were glued to the surface of the web in square grids prior 
to loading to measure the surface deformation of the web of Girder 5. Figure A5.7-1 shows the 
5-line and 63-column grid. The spacing between two adjacent targets was 10 in (254 mm).  
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The Zurich Gage Measurement System was used to take readings for different load levels during 
the experiment. Table A5.7-1 summarizes those load levels at which the Zurich measurement 
were taken. The first two sets of measurements were taken before testing without superimposed 
loading for calibration and error assessment. Figures A5.7-2 and Figure A5.7-3 present the 
change in distance measured between the targets for the last set of measurements taken before 
girder failure. The value on the line segment is the deformation between those two targets. The 
unit of the deformation is millimeters (mm). 
A5.8 Measurements for Girder 5 before Test 
Girder 5 was cast on December 05, 2003, and the prestressing tendons were released on 
December 09, 2003. Strain and displacement measurements were taken before and after strand 
release to obtain the effects of strand release on the strains and internal deformations of the 
girder. Another set of measurements was also taken shortly before the test on June 10, 2004. The 
following sections present information on the measured strains and displacements.  
A5.8.1 Surface Deformations of the Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 5 by 
distributing the targets at both ends and near mid-span of the girder. The spacing between two 
measurement targets was 10 inches, but by using overlapping sets of targets this provided a 
measurement of the average strain every 5 inches. The first target on each end was located 3 
inches from that end. Table A5.8-1 and Figure A5.8-1 present the detailed results for the surface 
strains measured on Girder 5. Figure A5.8-1 shows the strain distributions along the girder at 
different dates. The plots have been organized so that the strain profile can be seen from the front 
elevation view perspective. The average compressive strains in the middle part of the girder after 
release and shortly before test were -483µε  and -975µε , respectively. Thus the average 
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prestress loss and the average effective prestress before test can be estimated 
as ksi 8.271097528500f 6Loss =××=∆ −  and  
                                    ksi 7.1748.275.202fpe =−= . 
The strain distributions suggest a transfer length for the strand of about 50 strand diameters.  
A5.9 Design of Girder 5 
A5.9.1 Introduction 
Girder 5 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu, over a 50-foot simple span such that the shear stress at 
the face of the first critical shear section 0.5dvcotθ from the face of the support was equal to v = 
0.05 'cf  = 0.05(18) = 0.90 ksi. A 42-inch wide and 10-inch deep slab was made composite with 
the girder. The member was designed to satisfy all of the requirements of the AASHTO LRFD 
Bridge Design Specifications 2nd Edition with 2001 Revisions. A brief summary of the design of 
Girder 5 is presented in this section. For a complete description of the design procedure, see 
Section A1.9 of Appendix A1. 
A5.9.2 Materials 
The material properties used in the design of Girder 5 are shown in Table A5.9-1 
 
A5.9.3 Cross-Sectional Properties 
Figure A5.9-1 presents the geometric dimensions of the cross section and Table A5.9-2 
provides the cross-sectional properties. Since the girder and the slab had different concrete 
strengths, the composite section properties were computed based on the transformed slab width 
and using the calculated modulus of elasticity of the precast girder. 
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A5.9.4 Load and Tendon Profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A5.9-2. Figure A5.9-3 illustrates the strand profile for Girder 5.  
A5.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
Table A5.9-3 lists the calculated prestress losses along the length of the girder. All 
locations are measured from the extreme end of the girder. The calculated average effective 
prestress at the end of the service life was ksi 6.141fpe = . 
A5.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
Concrete stresses immediately after transfer are given in Table A5.9-4. All locations in 
this table are measured from the extreme end of the girder. 
A5.9.7 Flexural Strength Design 
 Table A5.9-5 summarizes the flexural strength design for the ultimate load of 
kips/ft 29.19w u = for selected locations along the length of Girder 5. These locations are 
measured from the left support. Figure A5.9-4 shows the moment envelope curves for ultimate 
design moment and nominal flexural strength.  
A5.9.8 Shear Design of Girder 5  
The shear design calculations for Girder 5 are summarized in Table A5.9-6 and Figure A5.9-5.  
A5.9.9 Drawings of Girder 5 
Figure A5.9-6 through Figure A5.9-9 presents the fabrications drawings for Girder 5. 
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Table A5.2-1 Measured Materials Properties of Girder 5 
Materials G5E & G5W 
Deck Slab  
Concrete strength, 'cf  6.1 ksi  
Modulus of elasticity of slab Ec 4,735 ksi 
Precast Girder  
Concrete strength, 'cf  17.8 ksi  
Strain at peak stress 'cε  0.0027 
Modulus of elasticity of Girder  8,088 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     172.5 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #3: 76.5 ksi (fy) , 112.5 ksi (fu) 
WWR :92.2 ksi (fy) , 106.5 ksi (fu) 
Others: 60 ksi (fy) , 90 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
  (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A5.2-2 Sectional Properties of Girder 5 
Cross-Section Properties G5E & G5W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.585 
Total transformed area of the composite section, Ac 959 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 630,050 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.32 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
31.68 in 
Composite section modulus for the bottom, Sbc 15,248 in3 
Composite section modulus for the top, Stc 19,888 in3 
Weight of composite section 1.180 kip/ft 
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Table A5.3-1 Load values for Load stages 
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 12.20 268.4 3757.6 268.4 
2 13.10 288.2 4034.8 288.2 
3 15.40 338.8 4743.2 338.8 
4 16.80 369.7 5175.3 369.7 
5 18.20 400.4 5605.6 400.4 
6 18.70 411.4 5759.7 411.4 
7* 19.90 437.8 6129.2 437.8 
7(2) 19.84 436.4 6109.6 436.4 
8 20.95 460.8 6451.7 460.8 
9 22.07 485.5 6796.4 485.5 
10 23.24 511.2 7157.5 511.2 
11* 23.70 521.4 7299.6 521.4 
( * Load Stage of Failure ) 
 
Table A5.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
12.20 0.5 0 0 0 0 
13.10 0.75 0 0 0 0 
15.40 1.5 0 0 0 0 
16.80 1.5 0 0 0 0.75 
18.20 1.75 0.1 0.15 0.1 1 
18.70 2.5 0.2 0.15 0.2 1.5 
19.90 >2.50 >0.20 >0.15 >0.20 >1.50 
20.95   0.3 0.4 2 
22.07   0.35 0.6 2.5 
23.24   0.4 0.7 3 
23.70   >0.40 >0.70 >5.0 
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Table A5.5-1 First Web Shear Cracking and STD prediction of G5E 
End: G5E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 17.8 
Cracking Load w (k/ft) 16.8 
Cracking Section Location from support  (in) 37.2 
Neutral axis of composite section Ycb (in) 41.32 
Measured crack angle Testθ  (deg) 43 
Cracking shear force at section TestV  (kips) 367.8 
Area of Prestress strands pA  (in2) 5.208 
Effective prestress pef  (ksi) 172.5 
Total prestress force ppepe AfF =  (kips) 898.4 
Centroid of strands from the bottom pe (in) 3 
Eccentricity of strands from the girder centroid ce (in) 29.12 
Distance between centroids of girder and composite section y (in) 9.2 
Self-Weight Moment Md  (k-ft) 85.9 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
671.2 
d (in) 70 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 280.7 
Ratio of cwTest VV 1.31 
Concrete Cracking Strength 'ct ff 4=  (psi) 533.7 
tpcMohr ffcot +=θ 1  1.50 
Mohrθ (deg) 33.6 
Ratio of MohrTest θθ  1.28 
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Table A5.5-2 Stirrup strains of East End (w = 33.93 kips/ft ) 
 S9 S10 S11 S12 S13 S14 S15 S16 
4 145 55 >2488 3200 3829 1480 597 18 
3 1832 5805 29 >2550 9298 1952 1848 N/A 
2 277 309 4273 2297 >7297 8412 N/A -160 
1 169 2406 1536 64 N/A 2421 >2299 -198 
 
Table A5.5-3 Concrete strain gage locations at East end 
No X Y θ  No X Y θ  No X Y θ  
E1 10.6 20.3 10.6 E11 45.1 38.0 34 EB1 -10.0 4.0 0
E2 18.1 21.5 18.1 E12 55.1 40.0 46 EB2 10.0 4.0 0
E3 24.7 20.4 24.7 E13 55.1 40.0 0 EB3 30.0 4.0 0
E4 25.0 30.1 25.0 E14  55.1 40.0 90 EB4 50.0 4.0 0
E5 39.0 30.0 39.0 E15* 56.0 51.7 31 EB5 80.0 4.0 0
E6 39.0 30.0 39.0 E16 * 26.7 12.9 29     
E7 39.0 30.0 39.0 E17 * 76.7 37.9 26     
E8 55.0 29.1 55.0 E18 * 84.5 53.8 27     
E9 55.0 29.1 55.0 E19 * 113.3 53.1 29     
E10 55.0 29.1 55.0         
  * :  strain gages attached after West end failure 
 
Table A5.5-4 Concrete strains at East End under peak load 23.70 kips/ft (unit: sµ ) 
Gage E1 E2 E3 E4 E5 E6 E7 
Strain -767 130 -3720 -264 -469 -397 -106 
Gage E8 E9 E10 E11 E12 E13 E14 
Strain -427 -255 -145 -422 -606 -443 -182 
Gage E15 E16 E17 E18 E19   
Strain -435 -905 -674 -528 -499   
Gage EB1 EB2 EB3 EB4 EB5   
Strain 204 625 771 -755 -222   
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Table A5.5-5 LRFD Shear Prediction for G5E  
 Prediction 
Concrete Strength 'cf   (ksi) 17.8 
External Load uw (k/ft) 19.31 
Critical Section (ft) 6.94 
Shear Force uV (kips) 348.7 
Moment uM (k-ft) 2798.4 
Effective prestress pef  (ksi) 172.5 
ed (in) 70.0 
vd (in) 63.0 
'
cfv  0.05183 
1000x ×ε  -0.002356 
β  3.75 
θ  21.8 
yf (ksi) 92.2 
sAv  (in2/in) 0.22/20 
cV (kips) 189.0 
sV (kips) 159.7 
pV (kips) 0 
psc VVVV ++= (kips) 348.7 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1682.1 
Nominal Shear nV (kips) 348.7 
Nominal Load nw (kips/ft) 19.31 
Error nun w/|ww| −  0 
 
 A5-26
Table A5.5-6 STD Shear Prediction for G5E  
STD Prediction 
Concrete Strength 'cf   (ksi) 17.8 
Test Load uw (k/ft) 23.70 
Critical Section (ft) 3.42 
d (in) 70.0 
Shear Force due to test load uV (kips) 511.4 
Moment due to test load uM (k-ft) 1781.1 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 5.208 
Effective prestress pef  (ksi) 172.5 
Total prestress force ppepe AfF =  (kips) 898.4 
Centroid of strands from the bottom pe (in) 3.0 
Eccentricity of strands from the girder centroid ce (in) 29.12 
Distance between centroids of girder and composite section y (in) 9.20 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
3400.1 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 5220.3 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1558.1 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
673.4 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 281.0 
)V,Vmin(V cwcic = 281.0 
yf (ksi) 92.2 
sA v  (in
2/in) 0.22/20 
s
dfA
V yvs =  (kips) 71.0 
scn VVV +=   (kips) 352.0 
Nominal Load STDw (kips/ft) 16.31 
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Table A5.5-7 Capacity comparisons of prediction and test result of G5E 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G5E 23.70 19.31 21.86 16.31 1.23 1.08 1.45 
 
Table A5.6-1 First Web Shear Cracking and STD prediction of G5W 
End: G5W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 17.8 
Cracking Load w (k/ft) 12.2 
Cracking Section Location from support  (in) 53.88 
Neutral axis of composite section Ycb (in) 41.32 
Measured crack angle Testθ  (deg) 35 
Cracking shear force at section TestV  (kips) 250.3 
Area of Prestress strands pA  (in2) 5.208 
Effective prestress pef  (ksi) 172.5 
Total prestress force ppepe AfF =  (kips) 898.4 
Centroid of strands from the bottom pe (in) 3 
Eccentricity of strands from the girder centroid ce (in) 29.12 
Distance between centroids of girder and composite section y (in) 9.2 
Self-Weight Moment Md  (k-ft) 120.5 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
680.9 
d (in) 70 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 281.9 
Ratio of cwTest VV 0.89 
Concrete Cracking Strength 'ct ff 4=  (psi) 533.7 
tpcMohr ffcot +=θ 1  1.51 
Mohrθ (deg) 33.5 
Ratio of MohrTest θθ  1.04 
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Table A5.6-2 Stirrup strains of West End (w = 19.90 kips/ft ) 
 S1 S2 S3 S4 S5 S6 S7 S8 
4 N/A 72 4661 N/A 1602 1834 10658 10 
3 5 96 573 10625 N/A N/A 23 211 
2 -134 N/A 3609 N/A >2480 N/A 37 N/A 
1 -3 N/A N/A 548 11 -51 -120 49 
 
Table A5.6-3 Concrete strain gage locations at West end 
No X Y θ  No X Y θ  No X Y θ  
W1 10.1 19.7 40 W9 53.8 29.2 0 WB1 -10.0 4.0 0 
W2 18.3 21.8 39 W10 53.8 29.2 90 WB2 10.0 4.0 0 
W3 24.9 19.9 30 W11 44.6 38.0 29 WB3 30.0 4.0 0 
W4 24.4 29.6 37 W12 54.2 40.1 46 WB4 50.0 4.0 0 
W5 38.7 29.8 44 W13 54.2 40.1 0 WB5 80.0 4.0 0 
W6 38.7 29.8 0 W14 54.2 40.1 90     
W7 38.7 29.8 90 W15 53.6 51.7 46     
W8 53.8 29.2 47         
 
Table A5.6-4 Concrete strains of West End under failure load 19.90 kips/ft (Unit: sµ ) 
Gage W1 W2 W3 W4 W5 W6 W7 W8 
Strain -1152 -879 -1040 -541 -443 -646 -3779 -442 
Gage W9 W10 W11 W12 W13 W14 W15  
Strain -439 -73 -493 -296 -199 -90 -508  
Gage WB1 WB2 WB3 WB4 WB5    
Strain 59 255 160 282 502    
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Table A5.6-5 LRFD Shear Prediction for G5W  
 Prediction 
Concrete Strength 'cf   (ksi) 17.8 
External Load uw (k/ft) 17.80 
Critical Section (ft) 6.94 
Shear Force uV (kips) 321.5 
Moment uM (k-ft) 2579.5 
Effective prestress pef  (ksi) 172.5 
ed (in) 70.0 
vd (in) 63.0 
'
cfv  0.04778 
1000x ×ε  -0.013998 
β  3.75 
θ  21.8 
yf (ksi) 76.5 
sAv  (in2/in) 0.22/20 
cV (kips) 189.0 
sV (kips) 132.5 
pV (kips) 0 
psc VVVV ++= (kips) 321.5 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1682.1 
Nominal Shear nV (kips) 321.5 
Nominal Load nw (kips/ft) 17.80 
Error nun w/|ww| −  0 
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Table A5.6-6 STD Shear Prediction for G5W  
STD Prediction 
Concrete Strength 'cf   (ksi) 17.8 
Test Load uw (k/ft) 19.90 
Critical Section (ft) 3.42 
d (in) 70.0 
Shear Force due to test load uV (kips) 429.7 
Moment due to test load uM (k-ft) 1496.3 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 5.208 
Effective prestress pef  (ksi) 172.5 
Total prestress force ppepe AfF =  (kips) 898.4 
Centroid of strands from the bottom pe (in) 3.0 
Eccentricity of strands from the girder centroid ce (in) 29.12 
Distance between centroids of girder and composite section y (in) 9.20 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
3400.1 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 5220.3 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1558.1 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
673.4 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 281.0 
)V,Vmin(V cwcic = 281.0 
yf (ksi) 76.5 
sA v  (in
2/in) 0.22/20 
s
dfA
V yvs =  (kips) 58.9 
scn VVV +=   (kips) 339.9 
Nominal Load STDw (kips/ft) 15.75 
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Table A5.6-7 Capacity comparison of predictions and test result of G5W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G5W 19.90 17.80 21.70 15.75 1.12 0.92 1.26 
Table A5.7-1 Loadings for Zurich reading 
Loading  (kips/ft) 0 15.40 16.80 18.20 19.90 20.95 22.07 23.24 38.56 
Zurich Stage 1,2 3 4 5 6 7 8 9 10 
Table A5.8-1(a) Bulb surface strain of G5W 
G5W Strain(µε ) 
Release(12/09/03) 
Number 
Before After 06/10/04 
1-3 0 -110 -355 
2-4 0 -205 -575 
3-5 0 -420 -895 
4-6 0 -505 -1004 
5-7 0 -491 -876 
6-8 0 -501 -1065 
7-9 0 -521 -1049 
8-10 0 -505 -1037 
9-11 0 -535 -1156 
10-12 0 -550 -1126 
11-13 0 -461 -962 
12-14 0 -496 -1002 
 
Table A5.8-1(b) Bulb surface strain of G5M 
G5M Strain(µε ) 
Release(12/09/03) 
Number 
Before After 06/10/04 
C1-C3 0 N/A N/A 
C2-C4 0 -473 -964 
C3-C5 0 -508 -965 
C4-C6 0 -502 -939 
C5-C7 0 -530 -992 
C6-C8 0 -410 -1007 
C7-C9 0 -494 -951 
C8-C10 0 -494 -958 
C9-C11 0 N/A N/A 
C10-C12 0 N/A N/A 
C11-C13 0 -456 -1020 
Average 0 -483 -975 
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Table A5.8-1(c) Bulb surface strain of G5E 
G5E Strain(µε ) 
Release(12/09/03) 
Number 
Before After 06/10/04 
1-3 0 -140 -325 
2-4 0 -259 -459 
3-5 0 -384 -534 
4-6 0 -470 -837 
5-7 0 -508 -1108 
6-8 0 -584 -844 
7-9 0 -546 -1020 
8-10 0 -533 -980 
9-11 0 N/A N/A 
10-12 0 -540 -1070 
11-13 0 -540 -1088 
12-14 0 -546 N/A 
Table A5.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G5E & G5W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  15.3 ksi 
Concrete strength at 28 days, 'cf  18.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 7,499 ksi  
Modulus of elasticity of Girder  8,134 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #3 Deformed bar :76.5 ksi 
#3 WWR : 92.2 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A5.9-2 Sectional properties of Girder 5 (Design Value) 
Cross-Section Properties G5E & G5W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.527 
Total transformed area of the composite section, Ac 934 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 611,942 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
40.62 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
32.38 in 
Composite section modulus for the bottom, Sbc 15,065 in3 
Composite section modulus for the top, Stc 18,899 in3 
Weight of composite section 1.180 kip/ft 
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Table A5.9-3 Prestress losses along the Girder 5 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 29.12 29.12 29.12 29.12 29.12 29.12 29.12 29.12 29.12 29.12 29.12 
pESf∆ (ksi) 13.17 13.01 12.81 12.66 12.57 12.54 12.57 12.66 12.81 13.01 13.17 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 41.44 40.78 39.90 39.26 38.88 38.76 38.88 39.26 39.90 40.78 41.44 
2pRf∆ (ksi) 1.54 1.60 1.68 1.73 1.77 1.78 1.77 1.73 1.68 1.60 1.54 
 pTf∆  (ksi) 62.65 61.90 60.88 60.16 59.72 59.58 59.72 60.16 60.88 61.90 62.65 
pef (ksi) 139.9 140.6 141.6 142.3 142.8 142.9 142.8 142.3 141.6 140.6 139.9 
 
Table A5.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -3.68 -3.63 -3.57 -3.53 -3.51 -3.50 -3.51 -3.53 -3.57 -3.63 -3.68
tf (ksi) 0.82 0.78 0.72 0.68 0.65 0.64 0.65 0.68 0.72 0.78 0.82
1.2T(kips) 166.7 155.3 140.1 129.3 122.8 120.7 122.8 129.3 140.1 155.3 166.7
 
Table A5.9-5 Flexural Strength of Girder 5 ( kips/ft 29.19w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 2170.1 3858.0 5063.6 5787.0 6028.1 5787.0 5063.6 3858.0 2170.1
c (in) 8.22 8.22 8.22 8.22 8.22 8.22 8.22 8.22 8.22
ed (in) 70.00 70.00 70.00 70.00 70.00 70.00 70.00 70.00 70.00
ed/c  0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117
psf (ksi) 261.1 261.1 261.1 261.1 261.1 261.1 261.1 261.1 261.1
nM (k-ft) 7533.7 7533.7 7533.7 7533.7 7533.7 7533.7 7533.7 7533.7 7533.7
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Table A5.9-6 Shear Design of Girder 5 ( ksi 6.141fpe = ) 
 G5W G5E 
X (ft) 6.94 
(6.94) 
17.96 
(17.96) 
32.56 
(17.44) 
43.06 
(6.94) 
uw (k/ft) 17.86 17.86 19.29 19.29 
uV (kips) 322.55 125.73 145.83 348.38 
uM (k-ft) 2668.6 5138.7 5476.9 2882.3 
ed (in) 70.00 70.00 70.00 70.00 
vd (in) 63.00 63.00 63.00 63.00 
'
cfv  0.0474 0.0185 0.0214 0.0512 
1000x ×ε  -0.0111 0.3409 0.5667 0.0007 
β  3.75 2.59 2.38 3.75 
θ  21.8 30.5 33.7 21.8 
θcotd v (in) 157.51 106.95 94.46 157.51 
cV (kips) 190.04 131.26 120.61 190.04 
pV (kips) 0 0 0 0 
reqsV , (kips) 132.51 0 25.22 158.34 
yf (ksi) 76.5 76.5 92.2 92.2 
reqv )sA( (in2/in) 0.01100 0.01052 0.00872 0.01090 
Max space s 24 24 24 24 
Min sAv  0.01052 0.01052 0.008725 0.008725 
vA  (
2in ) 0.22 0.22 0.22 0.22 
s (in) 20 20 20 20 
sAv  (in2/in) 0.0110 0.0110 0.0110 0.0110 
cV (kips) 190.04 131.26 120.61 190.04 
sV (kips) 132.55 90.00 95.81 159.75 
pV (kips) 0 0 0 0 
nV (kips) 322.59 221.26 216.42 349.79 
nw (kips/ft) 17.86 31.43 28.63 19.37 
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2 Layers of 20x20-D11xD11 (WWR)
4 - #5 GW3 Bars @2.5"
Total Length = 52 ft
24 straight bot tom strands
midspan
#3 GW1 Bars
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Figure A5.1-1 Elevation of Girder 5 Showing Reinforcement 
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Figure A5.1-2 Details of Reinforcement of Girder 5 
 
Span Length = 50 ft
Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A5.3-1 Loading Pattern of West End Test (G5W) 
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Figure A5.3-2 Loading History of West End Test (G5W) 
 
Span Length = 50 ft
Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A5.3-3 Loading Pattern of East End Test (G5E)  
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Figure A5.3-4 Loading History of East End Test (G5E) 
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       West End                                                           Midspan                                                                   East End 
 
(a) Load Stage 1 (Load: 12.20 kips/ft) 
 
(b) Load Stage 2  (Load: 13.10 kips/ft) 
 
(c) Load Stage 3  (Load: 15.40 kips/ft) 
 
(d) Load Stage 4  (Load: 16.80 kips/ft) 
 
(e) Load Stage 5  (Load: 18.20 kips/ft) 
 
(f) Load Stage 6 (Load: 18.70 kips/ft) 
 
(g) Load Stage 7 (Load: 19.90 kips/ft) 
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(h) Load Stage 8 (Load: 20.95  kips/ft) 
 
(i) Load Stage 9 (Load: 22.07 kips/ft) 
 
(j) Load Stage 10 (Load: 23.24 kips/ft) 
 
(k) Load Stage 11 (Load: 23.70 kips/ft) 
Figure A5.4-1 Crack patterns of Girder 5 
 
Figure A5.4-2 First Cracking of West End of Girder 5 in Load Stage 1 
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Figure A5.4-3 Diagonal cracking of G5W in Load Stage 2 
 
 
Figure A5.4-4 Diagonal Cracking of G5W in Load Stage 3 
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Figure A5.4-5 Diagonal Cracking of G5E in Load Stage 4 
 
Figure A5.4-6 Flexure-Shear Crack near Mid-span in Load Stage 5 
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Figure A5.4-7 Localized Web Deformation near the West Support of Girder 5 
   
Figure A5.4-8 Failure of West End of Girder 5 (G5W) 
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Figure A5.4-9 Repair of West End of Girder 5 
 
 
Figure A5.4-10 Flexure-Shear Cracks near Mid-Span of Girder 5 
 
 A5-44
 
Figure A5.4-11 Failure of East End of Girder 5 
 
 
 
 
Figure A5.4-12 Web Sliding after Failure of East End of Girder 5 
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Figure A5.4-13 Surface of Diagonal Crack after Failure of East End of Girder 5 
 
 
 
49.20 in
centroid
 
Figure A5.5-1 Location of first cracks for East End (G5E) 
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Figure A5.5-2 Crack Angle Distribution at G5E 
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Figure A5.5-3 Shear Force versus Shear Strain Curve of East End Region (G5E) 
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Figure A5.5-4 Strains of Shear Reinforcements of East End (G5E) 
0
5
10
15
20
25
-500 0 500 1000 1500 2000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 4
 Gage 3
 Gage 1
 Gage 2
 
0
5
10
15
20
25
-500 500 1500 2500 3500 4500 5500
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 2
 Gage 3
 Gage 1 Gage 4
0
5
10
15
20
25
-500 500 1500 2500 3500 4500 5500
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 1
 Gage 2
 Gage 3
 Gage 4
Stirrup 9 (S9) Stirrup 10 (S10) Stirrup 11 (S11) 
0
5
10
15
20
25
-500 500 1500 2500 3500 4500 5500
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 2
 Gage 4
 Gage 1
 
0
5
10
15
20
25
-500 4500 9500 14500 19500
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 2
 Gage 4
0
5
10
15
20
25
-500 500 1500 2500 3500 4500 5500 6500
Strain (x10-6)
U
ni
fo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 1 Gage 4
 Gage 2
Stirrup 12 (S12) Stirrup 13 (S13) Stirrup 14 (S14) 
0
5
10
15
20
25
-500 1500 3500 5500 7500
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 1
 Gage 4
 Gage 2
0
5
10
15
20
25
-400 -300 -200 -100 0 100
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 4
 Gage 4
 Gage 1
 Gage 3
 
Stirrup 15 (S15) Stirrup 16 (S16)  
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Figure A5.5-5 Concrete Strain Gages at East End 
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Figure A5.5-6 Concrete strains at East End 
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Figure A5.5-7 Strand slips of East End  
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Figure A5.5-8 Vertical Deflections of East End Test 
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Figure A5.5-9 Longitudinal Strains of East End Test 
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(b) 
Figure A5.5-10 Reinforcement Strains in Bottom Cage of G5E 
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G5E: f΄c = 17.8 ksi; 2-#3@20, ρvfy = 169 psi; w = 23.70 kips/ft; R = 521.4 kips 
Figure A5.5-11 Failure Mode of G5E 
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Figure A5.6-1 Location of first cracks for East End (G5W) 
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Figure A5.6-2 Crack Angle Distribution at G5W  
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Figure A5.6-3 Shear Force versus Shear Strain Curve of West End Test (G5W) 
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Figure A5.6-4 Strains of Shear Reinforcements of West End (G5W) 
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Figure A5.6-5 Concrete Strain Gages at West End 
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Figure A5.6-6 Concrete strains at West End 
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Figure A5.6-7 Strand slips of West End  
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Figure A5.6-8 Vertical deflections of the West End Test 
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Figure A5.6-9 Longitudinal Strains of West End Test 
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(b) 
Figure A5.6-10 Reinforcement Strains in Bottom Cage of G5W 
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G5W: f΄c = 17.8 ksi; 2-#3@20, ρvfy = 140 psi; w = 19.90 kips/ft; R = 438.0 kips 
Figure A5.6-11 Failure Mode of G5W 
 
 
Figure A5.7-1 Target Numbers and Locations 
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Figure A5.7-2 Deformation of Zurich Grid at East Half of Girder 5 (Unit: mm, w = 18.20 kips/ft) 
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Figure A5.7-3 Deformation of Zurich Grid at West Half of Girder 5 (Unit: mm, w = 23.24 kips/ft) 
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Figure A5.8-1 Surface strain of Girder 5 
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Figure A5.9-1 Cross-Sectional Dimensions of Girder 5 
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Figure A5.9-2 Loading set-up 
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Figure A5.9-3 Tendon Profile of Girder 5 
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Figure A5.9-4 Flexural Strength of Girder 5 
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Figure A5.9-5 Shear Design of Girder 5 
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A6 Presentation of Experimental Results for Girder 6 
 
A6.1 Introduction 
The objectives of the tests on Girder 6 were to investigate the influence of strand 
debonding on shear performance and the behavior of girder end regions. Girder 6 was designed 
for a shear stress of 1.71 ksi at the first critical shear section from each support and was cast with 
a specified concrete compressive strength of 18 ksi. The same size and spacing of shear 
reinforcement was used in both halves of the girder and this reinforcement consisted of #5 
doubled legged deformed bars at 12 inch spacing in the region of highest shear stress. A total of 
44 0.6-inch diameter straight strands were used, with 42 strands in the bottom bulb and lower 
web and two strands in the top flange. Of the 42 bottom strands, 16 strands of the strands in the 
West end (G6W) were debonded. Each of two strands had debonded lengths of 2 feet, 4 feet, 6 
feet, 8 feet, 9 feet and 10 feet, respectively.  Figures A6.1-1 and A6.1-2 show the reinforcement 
layout. Girder 6 was designed to satisfy the requirements of the AASHTO LRFD Bridge Design 
Specifications 2nd Edition with 2001 Revisions but that the extent and location of debonded 
strands slightly exceeds what is permitted by the LRFD specifications. A summary of its design 
is provided in Section A6.9. 
A1.2 Measured Material Properties and Cross-Sectional Properties 
Girder 6 was cast on 11/26/2003 and the strands were released on 12/02/2003 and 
12/09/2003. The girder was loaded until the West end failed on 03/18/2004 and loaded until the 
East end failed on 04/09/2004. The measured cylinder compressive strength was 12.7 ksi. Table 
A6.2-1 summarizes the measured material properties. Table A6.2-2 summarizes the properties of 
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the cross section.  The composite section properties were computed based on the transformed 
slab width and using the calculated modulus of elasticity of the precast girder. 
A6.3 Loading History 
Girder 6 was first loaded on March 16, 2004 and reloaded on March 18, 2004 until there 
was failure of the West End (G6W). After the West end was repaired and strengthened, the 
girder was reloaded on March 31, 2004, April 01, 2004 and April 09, 2004 until the East End 
(G6E) failed.  
 A6.3.1 Test Load for West End (G6W)  
Girder 6 was loaded on March 16, 2004 up to 17.27 kips/ft during which shear cracks 
appeared on both ends. The girder was reloaded on March 18, 2004 until the West end failed 
under a distributed loading of 27.85 kips/ft. All tests were conducted using 44 jacks distributed 
over the central 44 feet of the span, as shown in Figure A6.3-1. This pattern was the typical 
loading pattern used in most experiments. The complete loading history is shown in Figure A6.3-
2. Loading stages 1 through 6 are indicated on the loading curves. 
A6.3.2 Test Load for East End (G6E)  
After completion of the West end test, a concrete diaphragm was cast between the bottom 
bulb and the top flange in the West end and this region was strengthened with vertical post-
tensioning. Girder 6 was then reloaded on March 31, 2004. It was unloaded at a load of 30.00 
kips/ft without end failure. On April 1, 2004 10 jacks on West region were removed and it was 
reloaded up to 29.72 kips/ft. The girder had then to be unloaded again because the repair had not 
provided sufficient strength. After additional strengthening was provided by steel plates and 
reinforcement, the girder was reloaded on April 9, 2004 with 12 jacks removed on the West end. 
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Figure A6.3-3 shows the final loading pattern. The East End failed at 38.32 kips/ft under this 
loading pattern. Figure A6.3-4 shows the loading history for East end test. Loading stages 7 
through 10 are marked on the curves. 
A6.3.3 Loading Stages 
As identified in the loading history curves, a total of 10 loading stages were taken over 
the duration of the tests.  Table A6.3-1 lists the maximum load value for each load stage. Also 
listed in the Table A6.3-1 are the reaction forces RWest at the West support and REast at the East 
support, as well the mid-span moment MMid corresponding to that stage loading level. 
A6.4 Behavior of Girder 6 
Figure A6.4-1 presents the crack pattern that was measured at each load stage. Beneath 
each crack diagram is reported the associated maximum load value. Table A6.4-1 presents a 
summary of the development of cracking. For each load stage the maximum crack widths are 
presented for the web-shear zone (WS) and the flexure-shear zone (FS) of both ends as well as 
the flexure cracks (F) in the bottom bulb. The crack widths are given in the measured units of 
mm. A description is now provided of the observed behavior of the girder at each load stage. 
(1) Load Stage 1 (w = 17.27 kips/ft) 
The first diagonal cracks occurred at the East end at a load of 16.19 kips/ft and at an 
angle of 38 degrees, as shown in Figure A6.4-2. The first cracking at the West end occurred at a 
load of 16.70 kips/ft and at an angle of 46 degrees, as shown in Figure A6.4-3. The maximum 
shear crack widths were 0.25 mm (G6E) and 0.25 mm (G6W). 
(2) Load Stage 2 (w = 19.80 kips/ft) 
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As the load increased, additional shear cracking occurred at both ends of the girder.  
Figure A6.4-4 shows the stage of cracking at Load Stage 2. 
 (3) Load Stage 3 (w = 23.90 kips/ft) 
As shown in Figure A6.4-5, additional diagonal cracks developed, and existing cracks 
extended, at both ends of the girder.  More cracks developed at the West end where strands were 
debonded than at East end where there were no strands debonded.  
 (4) Load Stage 4 (w = 27.40 kips/ft) 
No new cracks developed in the East end between load stages 3 and 4.  However, East 
end cracks lengthened.  Diagonal cracking at the West end spread more towards mid-span than at 
the East end, as shown in Figure A6.4-6. Also observed were the first signs of local web crushing, 
as shown in Figure A6.4-7. The maximum shear crack widths were 0.70 mm (G6E) and 0.60 mm 
(G6W). A single flexural crack first occurred near mid-span at a load of approximately 26.07 
kips/ft and the crack width was 0.10 mm at load stage 4.  
 (4) West End Failure (Load Stages 5 through 6 ) 
After the test load reached the maximum value of 27.85 kips/ft, the girder was unloaded 
and allowed to remain at the load level of 27.67 kips/ft for a short time while readings were 
taken. The West end failed under that load of 27.67 kips/ft in a very brittle manner. The bottom 
of the web at its intersection with the lower flange failed explosively from the end of the girder 
to about 9 feet from the support. See Figure A6.4-8. There was a continuous growth of local web 
crushing at that intersection until failure. After web crushing, all the stirrups in the region were 
bent due to the sliding that occurred with web crushing. Figure A6.4-9 shows that web sliding 
relative to the bottom bulb after failure was about 1.0 inches.  
 A6-5
 (5) Repair of West End 
G6W was then completely unloaded and strengthened with the use of a 15-foot long 
diaphragm and external shear reinforcement. See Figure A6.4-10. Also added were plates on the 
both faces of the web in front of the diaphragm to prevent the growth of the diagonal cracks, as 
shown in Figure A6.4-11. 
 (6) East End Test (Load Stages 7 through 10) 
After Girder 6 was strengthened at its West end, it was reloaded again on April 9 2004 
with 12 jacks removed from above the West end. The East end failed under a load of 38.32 
kips/ft in a brittle manner similar to West end due to crushing of the bottom of the web, as shown 
in Figure A6.4-12. After web crushing, all stirrups crossing the failure plane were bent due to the 
large sliding that occurred along the web crushing plane. As shown in Figure A6.4-13, web 
sliding after failure was about 2.1 inches.  
A6. 5 Experimental Results for East End Test (G6E) 
A6.5.1 Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 16.19 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 10.44=cby ) at an 
angle of 38 degrees and at a longitudinal distance of 75.84 inches from the extreme East end 
(63.84 inches from the center line of the East support). See Figure A6.5-1.  Table A6.5-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 318.6 kips, while the calculated 
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AASHTO STD web-shear cracking load Vcw was 295.2 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.08. Table A6.5-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 38 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 28.3 degree, for a crack angle ratio of ӨTest/ӨMohr is 1.34.   
(2) Distribution of Shear Crack Angles 
Figure A6.5-2 illustrates the distribution of shear crack angles for the East half of Girder 
6 (G6E). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 25 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A6.5.2 Web Shear Strains 
A total of 12 LVDTs were installed on the web surface to measure the web shear strains of the 
end regions. Those LVDTs were grouped into four rectangular rosettes, with two rosettes placed 
at East end and two placed at the West End, as shown in Figure A6.5-3.  LVDTs ED1 through 
ED6 were at the East End. The gage length of the LVDTs was 48 inches so the computed strain 
is an average strain over a distance of 48 inches.  From the two diagonal strains 1diagonalε  and 
2diagonalε , the average shear strain γ of that region can be computed for each rosette as 
)( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses obtained from the East 
end LVDTs are shown in Figure A6.5-3. Note the shear force V was calculated for the section at 
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the center point of the rosette. The response was linear elastic up until cracking with a shear 
stiffness of 0.70 kips/µs (ED1 and ED3). Under the failure load w = 38.32 kips/ft, the shear 
forces and shear strains are V = 760.3 kips, γ = 4735 µs ( ED1 and ED3 ).  
A6.5.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S9 through S16 were placed on the East half of the girder, as shown 
in Figure A6.5-4. Figure A6.5-4 also presents the measured straining in the stirrups in the East 
half of the girder up to the peak load. Note that the values given are not the actual strains in the 
stirrups, but represent the change in strain resulting from the externally applied load since the 
gages readings were set to zero prior to loading. That said, the vertical strains in the stirrups due 
solely to the effects of prestressing have been measured in other girders and calculated by 
analyses to be very small. The stirrup yield strain was approximately 2300 micro-strain. Table 
A6.5-2 lists the stirrup strain for each gage under the peak load of 38.32 kips/ft. Gages on two 
stirrups only, S14 and S15, had yielded at failure. 
A6.5.4 Concrete Strains at East End 
(1) Locations of Gages at East End 
There are a total of 32 strain gages placed on the East End.  As shown in Figure A6.5-5, 
23 of these were on the web are are designated as “E*”’ while the remaining 9 on the bottom 
bulb are designated as “EB*”.  The locations and angles of inclination for each gage can be 
found in Table A6.5-3.  In Figure A6.5-5, the yellow colored strain gages are those attached after 
the West end failure and they are marked with “*” in Table A6.5-3. 
(2) Concrete Strains at East End 
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The load-strain results for the strain gages at the East end are shown in Figure A6.5-6.  
Table A6.5-4 summarizes the peak strain for each gage under the load of 38.32 kips/ft. 
A6.5.5 Strand Slip of East End (G6E) 
Strand slips were measured by LVDTs attached to the strands at both ends. No significant 
slip was observed in the test at the East end, as shown in Figure A6.5-7.  
A6.5.6 Vertical Deflections During East End Test 
The deflection of the girder was measured with LVDTs at five locations, as shown in 
Figure A6.5-8.  Gages V4 and V5 were removed following the West end failure and therefore 
Figure A6.5-8 shows results for the three East end gages only.  The effect of the West end failure 
and subsequent strengthening is readily apparent in Figure A6.5-8. The deflections reached their 
maximums under the peak load of 38.32 kips/ft and were 0.158 in (V1) and 2.627 in (V3).  
A6.5.7 Longitudinal Strains During East End Test 
Longitudinal strains were measured using LVDTs that were attached to the girder at four 
different locations as indicated in the Figure A6.5-9.  Note that the strain is an average strain 
over a distance of 48 inches. The longitudinal strains at peak load (38.32 kips/ft) were 104µs  
(H1), 1966µs  (H2), and -834 µs  (H4). The maximum compressive strain at mid-span of H4 was 
834µs . The maximum tensile stress in the bottom bulb at mid-span (H2, 3118µs ) corresponds to 
a prestress increment of ksi0.5610196628500 6 =×× − , which means that the prestressed strands 
were close to, but not yet at, yielding when failure occurred since 
ksi 0.243f ksi 6.2230.566.167 py =<=+ . 
A6.5.8 Reinforcement strains in the Bulb Confinement Cage at G6E 
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A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end of the girder. A total of 10 strain gages were attached on the 
cage as shown in Figure A6.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were for measuring transverse 
strains. Gages 5-7 were located on the inclined reinforcement near the top of the bottom bulb 
while gages 8-10 were located along the bottom bulb. Table A6.8-2 lists the detailed gage 
locations in the cage. Table A6.8-3 presents the sets of strain measurements taken before the test.  
Figure A6.5-10(a) presents the measured longitudinal strains versus load for the 
confinement cage. Gages 1, 2 and 3 measured increasing tensile straining with increasing load. 
Gage 4 had small values during the test. At the failure load 38.32 kips/ft, the measured tensile 
strains were 654 µs (gage 1), 1016 µs (gage 2) and 241 µs (gage 4). Figure A6.5-10(b) presents 
the measured transversal strains versus load for the confinement cage. During the test gages 5, 7 
and 10 measured compressive straining while gages 8 and 9 measured tensile straining. With 
increasing load gage 6 initially measured compression then measured tensile straining. At the 
failure load of 38.32 kips/ft, the measured tensile strains were 122 µs (gage 6) and 166 µs (gage 
8). The maximum compression strains were -64 µs (gage 5, 21.10 kips/ft), -59 µs ( gage 6, 25.83 
kips/ft) and -78 µs (gage 7, 36.71 kips/ft). 
A6.5.9 Failure Mode of G6E 
When the external load reached 38.32 kips/ft with 12 jacks off in the West end, G6E 
failed in a very brittle manner as the support reaction force reached 760.3 kips. Stirrups reached 
their yielding strain shortly before failure. The initiation of failure started from concrete spalling 
at a small portion of the bottom web about 36 inches away from the end. As load increased, 
splitting noises continued for a while, and then the web base crushed suddenly in a very brittle 
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manner with flying concrete debris. A crushed zone of concrete was formed after the test. As 
shown in Figure A6.5-11, the crushed zone was 162-inch long from the very end and extended 
from the bottom bulb to 19-inch high above the bulb-web interface. Strands and stirrups in the 
zone were exposed. The upper web had slipped 2.0 inches in the direction of the end of the 
member relative to the bottom bulb and this bent the stirrups throughout this region. The web 
shear cracking had been fully developed prior to the last loading increment. The average crack 
spacing of web shear was 5 inches and the maximum width was 1.5 mm just before failure. 
Shear slip was observed with downward relative movement of the upper strut. No strand slip was 
observed except that strands in the crushed zone were released due to concrete crushing. Both the 
top flange and bottom bulb were not damaged in the test. 
A6.5.10 Ultimate Shear Capacity of G6E 
For the loading pattern shown in Figure A6.3-3, G6E failed when the distributed loading 
reached 38.32 kips/ft. This section compares the measured capacity with the shear capacity 
calculated using LRFD, STD and R2K. 
LRFD: Table A6.5-5 presents the calculated shear capacity of G6E by the LRFD 
specifications. The critical section was at x = 6.16 ft from the East support. The LRFD calculated 
shear capacity at the critical section was 581.9 kips, which corresponds to an external load wLRFD 
= 34.88 kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section at x = 6.16 ft from the East support, R2K predicts a 
nominal shear capacity 572.0 kips, which corresponds to an external load of wR2K = 34.29 kips/ft 
for the same loading pattern as the test load.  
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STD:  Table A6.5-6 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support which his then at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the center of the East support. 
The shear capacity calculated using the AASHTO STD is 519.4 kips, which corresponds to an 
external load of wSTD = 26.74 kips/ft under the same loading pattern as the test load. 
Table A6.5-7 compares the measured capacity and the capacity calculated using LRFD, 
STD and R2K. 
A6. 6 Experimental Results for West End Test (G6W) 
A6.6.1 Shear Cracking at West End 
(1) First Web Shear Cracking at West End 
The first diagonal cracks occurred in the West end of the girder under a loading of 16.70 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 10.44=cby ) at an 
angle of 46 degrees and at a longitudinal distance of 41.64 inches from the extreme West end 
(29.64 inches from the center line of the West support). See Figure A6.6-1.  Table A6.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 367.4 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 230.6 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.59. Table A6.6-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 46 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 33.6 degrees, for a crack angle ratio of ӨTest/ӨMohr is 1.37.   
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(2) Distribution of Shear Crack Angles 
Figure A6.6-2 presents the distribution of shear crack angles for the West half of Girder 6 
(G6W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 21 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A6.6.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear 
strains of the end regions. Those LVDTs were grouped as four rectangular rosettes, with two 
rosettes placed at East end and two placed at the West End, as shown in Figure A6.6-3. LVDTs 
WD1 through WD6 were at the West end. The gage lengths of the LVDTs were all 48 inches so 
the computed strains are the average strain over a distance of 48 inches.  From the two diagonal 
strains 1diagonalε  and 2diagonalε , the average shear strain γ of that region can be computed for each 
rosette as )( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses obtained from 
those LVDTs are shown in Figure A6.6-3 Note the shear force V was calculated for the section 
at the center point of the rosette. Up until cracking the shear response was linear with measured 
stiffnesses of 0.76 kips/µs (WD1 and WD3) and 0.71 kips/µs (WD4 and WD6). Under the failure 
load w = 27.85 kips/ft, the shear forces and shear strains are V = 612.7 kips, γ = 3210 µs ( WD1 
and WD3 ) and V = 529.2 kips γ = 3004 µs (WD4 and WD6).  
A6.5.3 Stirrup Strains 
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A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S8 were placed on the West half of the girder, as shown 
in Figure A6.6-4. Figure A6.6-4 also presents the development of these stirrup strains up to the 
peak load. Note that the values given are not the actual strains in the stirrups, but represent the 
change in strain resulting from the externally applied load since the gage readings were set to 
zero prior to loading. That said, the vertical strains in the stirrups due solely to the effects of 
prestressing have been measured in other girders and calculated by analyses to be very small. 
The stirrup yield strains were approximately 2300 micro-strain. Table A6.6-2 lists the stirrup 
strain of each gage under the peak load of 27.85 kips/ft. Only two stirrups, S2 and S3, appear to 
have yielded prior to failure. 
A6.6.4 Concrete Strains at West End (G6W) 
(1) Locations of Gages at West End 
Twenty-Six concrete strain gages were attached to the West end of the beam, as shown in 
Figure A6.6-5. Sixteen strain gages were on the web and are designated by “W*”.  Those gages 
were used for measuring diagonal compressive straining and monitoring the principal strains. 
The remaining 10 strain gages, labeled as “WB*”, were located along the centroid of the strands 
to observe the effects of tension demand and debonding on bottom strains. Table A6.6-3 shows 
the location and angle of inclination for each gage. 
 (2) Concrete Strains of West End 
The strains recorded by the gages at the West end are shown in Figure A6.6-6. Table 
A6.6-4 summarizes the peak strain for each gage under the failure load of 27.85 kips/ft. 
A6.6.5 Strand Slip at West End (G6W) 
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Strand slips were measured by LVDTs attached to the strands at both ends of the girder. 
Figure A6.6-7 presents the measured strand slip for the West end test. Slip began to accumulate 
once web-shear cracking developed and increased slowly to 0.05 inch at the maximum load of 
27.85 kips/ft.  Slips then increased without any increase in load and reached 0.48 inches by the 
time that the final brittle failure occurred at 27.67 kips/ft. 
A6.6.6 Vertical Displacements During West End Test 
Deflections were measured at the five locations shown in Figure A6.6-8.  That figure also 
shows the resultant load-deflection curves for the West end test.  The shapes of the curves 
suggest that the prestressing strands at mid-span did not yield prior to failure. The maximum 
deflections were 0.111 in (V1), 1.354 in (V3), 1.020 in (V4) and 0.200 in (V5).  
A6.6.7 Longitudinal Strains During West End Test 
Figure A6.6-9 shows the positions of the LVDTs used to measure strain and the load-
strain curves for locations H1, H2, H3 and H4.  Note that the strain is the average strain over a 
distance of 48 inches. The longitudinal strains just before failure were 96µs  (H1), 989µs  (H2), 
80 µs  (H3) and -521 µs  (H4). The maximum compressive strain at mid-span for H4 was 521µs . 
The maximum tensile stress of the bottom bulb at the mid-span (H2, 989µs ) corresponds to 
prestress increment of ksi1.281098928500 6 =×× − , which means that the prestressing strands 
were not close to yielding since ksi 0.243f ksi 7.1951.286.167 py =<=+ . 
A6.6.8 Reinforcement strains in the Bulb Confinement Cage at G6W 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end of the girder. A total of 10 strain gages were attached on the 
cage, seen Figure A6.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
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longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gage 8-10 were located along the bottom bulb. Table A6.8-2 lists the detailed 
gage locations in the cage. Table A6.8-3 presents the sets of strain measurements taken before 
testing.  
Figure A6.6-10(a) presents the measured longitudinal strains versus load for the 
confinement cage. All gages measured tensile straining with increasing load. At the failure load 
27.85 kips/ft, the measured tensile strains were 483 µs (gage 1), 765 µs (gage 2),  179 µs (gage 3) 
and 88 µs (gage 4). Figure A6.6-10(b) presents the curves of the measured transversal strains 
versus load for the confinement cage. During the test, gages 5, 6, 7 and 10 measured compressive 
straining while gages 8 and 9 measured tensile straining. At the failure load of 27.85 kips/ft, the 
measured compression strain were -83 (gage 5), -90 µs (gage 6), -54 µs (gage 7) and -27 µs 
(gage 10), and the measured tensile strains were 124 µs (gage 8) and 28 µs (gage 9). 
A6.6.9 Failure Mode of G6W 
When external load reached 27.85 kips/ft, producing a support reaction force of 612.7 
kips, G6W failed in a very brittle manner due to web base crushing. Stirrups reached the point of 
yielding point short before failure. Also just prior to failure, concrete began to split at a small 
area of web bottom above the support. The splitting noise continued as load increased. A 
debonded strand jumped due to strand slip, and then the bottom web suddenly crushed. 
Compression struts squashed at the bottom. The crushed concrete zone extended 117-inch from 
the very end of the member and 11-inch up from the web-bulb interface, as shown in Figure 
A6.6-11. Along with the crushing, the upper web slid outwards. The sliding reached 1.0 inch 
after failure and it also caused stirrups to bend. The web shear cracking was considered to be 
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fully developed prior to failure. The average crack spacing of web shear was 6 inches and the 
maximum width was 1.0 mm just before failure. Shear slip was observed with downward relative 
movement of the upper strut. Slippage of strands started at the beginning of the failure and 
reached 0.5 inches after failure. Both the top flange and bottom bulb were not damaged in the 
test. 
A6.6.10 Ultimate Shear Capacity of G6W 
For the typical loading pattern, as shown in Figure A6.3-1, G6W failed when the 
distributed loading was 27.85 kips/ft. This result is now compared with the capacities calculated 
using the LRFD and STD specifications as well as R2K. 
LRFD: Table A6.6-5 presents the calculated shear capacity by the LRFD specifications. 
The critical section for shear was located at x = 5.64 ft from the West support. The LRFD 
calculated shear capacity at this critical section was 535.7 kips, which corresponds to an external 
load of wLRFD = 27.67 kips/ft for the same loading pattern as the test load. Note that for the 
critical section location that two of the strands that were debonded strands at the end so are 
ineffective so that the total number of effective strands equals 28.  
R2K: For the same critical section at x = 5.64 ft from the West support as in LRFD 
prediction, R2K predicts a nominal shear capacity of 579.8 kips, which corresponds to an 
external load of wR2K = 29.95 kips/ft for the same loading pattern as in the test load.  
STD: Table A6.6-6 summarizes the detailed procedure of the STD prediction. AASHTO 
STD gives the location of the critical section as h/2 from the face of the support.  Then the 
critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the center of the West 
support. The shear capacity calculated using the AASHTO STD is 458.7 kips, which corresponds 
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to an external load of wSTD = 21.26 kips/ft for the same loading pattern as the test load. Note that 
for the critical section location that all debonded strands are not effective so that the total number 
of effective strands equals 26. 
Table A6.6-7 compares the measured capacity and the capacities calculated using the 
LRFD, STD and R2K. 
A6.7 Zurich Gage Measurements 
A total of 315 aluminum targets were glued to the surface of the web in square grids prior 
to loading to measure the surface deformations of the web of Girder 6. Figure A6.7-1 shows the 
5-line and 63-column grid. The spacing between two adjacent targets was 10 in (254mm).  
The Zurich Gage Measurement System was used to measure the distance between adjacent 
targets for different load levels during the experiment. Table A6.7-1 summarizes the load levels 
at which the Zurich measurement were taken. The first two sets of measurements were taken 
before test without superimposed loading for calibration and error assessment. Figures A6.7-2 
and Figure A6.7-3 present the change in distance measured between the targets. The value on the 
line segment is the deformation between those two targets. The unit of the deformation is 
millimeters (mm). 
A6.8 Measurements for Girder 6 before Test 
Girder 6 was cast on November 26, 2003, and the prestressing tendons were cut on 
December 02, 2003 and December 09, 2003. Strain and displacement measurements were taken 
before and after strand release to obtain the effects of strand release on the strains and internal 
deformations of the girder. Another set of measurements was taken just before testing on March 
16, 2004. The following sections present the measured strains and displacements.  
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A6.8.1 Surface Deformations of the Bottom Bulb 
A Whittemore gage was used to measure the bulb deformations due to release of the strands. 
Targets were attached in rows to the bottom bulb at both ends and the middle of the girder. The 
spacing between two measurement targets was 10 inches, but overlapping sets of targets were 
used so that they provided a measurement of average strain every 5 inches. Since 16 strands were 
debonded with debonded length from 2 through 10 ft at the West end of Girder 6 (G6W), the 
targets were extended to 15 ft from that end, while the measurement lengths for the East end of 
Girder 6 (G6E) and the middle of the girder (G6M) were about 6 ft.  
Eighteen of the strands in Girder 6 were released on 12/02/2003, and the remaining 26 were 
cut on 12/09/2003. The Whittemore measurements were taken before and after release of strands 
(12/02/2003 and 12/09/2003), and two days (3/16/2004) before the start of testing on 3/18/2004.. 
Table A6.8-1 presents the detailed results of the surface strains determined from the Whittemore 
gage readings for Girder 6. The strain changes along the girder with time are shown in Figure 
A6.8-1. The plots have been organized so that the strain profile can be seen from the front 
elevation view perspective. In these plots, E designates the East end, W designates the West end 
and M designates the results for the middle of the girder.  
The strain distributions for G6W show clearly the influence of debonding on strain changes 
with debonded length, which is extended from the end to 10 ft. The average compressive strain at 
mid-span was 336 µε after releasing the first 18 tendons, 923µε  after releasing all strands, and 
1224 µε  two days before the start of testing. Thus the average prestress loss and the average 
effective prestress before test can be estimated as: 
        ksi 9.3410122428500f 6Loss =××=∆ −  and ksi 6.1679.345.202fpe =−= . 
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A6.9 Design of Girder 6 
A6.9.1 Introduction 
Girder 6 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu , over a 50-foot simple span such that the shear stress at 
the face of the first critical shear section 0.5dvcotθ from the face of the support was equal to v = 
0.10 f′c = 1.80 ksi. A 42-inch wide and 10-inch deep slab was made composite with the girder. 
The member was designed to satisfy all of the requirements of the AASHTO LRFD Bridge 
Design Specifications 2nd Edition with 2001 Revisions. A brief summary of the design of Girder 
6 is presented in Section A6.9. For a complete description of the design procedure, see section 
A1.9 of Appendix A1. 
A6.9.2 Materials 
The material properties used in the design of Girder 6 are shown in Table A6.9-1 
A6.9.3 Cross-Sectional Properties 
Figure A6.9-1 presents the geometric dimensions of the cross section and Table A6.9-2 
presents the cross-sectional properties. Since the girder and the slab had different concrete 
strengths, the composite section properties were computed based on the transformed slab width 
and using the calculated modulus of elasticity of the precast girder. 
A6.9.4 Load and Tendon profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A6.9-2. Figure A6.9-3 illustrates the strand profile of Girder 6.  
A6.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
 A6-20
Table A6.9-3 lists the calculated prestress losses along the length of the girder. All 
locations are measured from the extreme end of the girder. The average calculated effective 
prestress at the end of the service life was ksi 4.123fpe = . 
A6.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
Concrete stresses immediately after transfer were calculated and are listed in Table A6.9-
4. All locations in this table are measured from the extreme end of the girder. 
A6.9.7 Flexural Strength Design 
 Table A6.9-5 presents the flexural strength design of the girder for the design ultimate 
load of kips/ft 33.34w u = for selected locations along the length of Girder 6. These locations are 
measured from the left support. Figure A6.9-4 also shows the moment envelope curves of for 
design ultimate load and nominal flexural strength.  
A6.9.8 Shear Design of Girder 6 
 The calculations for the shear design of Girder 6 are summarized in Table A6.9-6 and 
Figure A6.9-5.  
A6.9.9 Drawings of Girder 6 
Figure A6.9-6 through Figure A6.9-9 present the fabrications drawings for Girder 6.  
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Table A6.2-1 Measured Materials Properties of Girder 6 
Materials G6E & G6W 
Deck Slab  
Concrete strength, 'cf  9.2 ksi  
Modulus of elasticity of slab Ec 5,815 ksi 
Precast Girder  
Concrete strength, 'cf  12.7 ksi  
Strain at peak stress 'cε  0.0028 
Modulus of elasticity of Girder  6,832 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     167.6 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #3: 76.5 ksi (fy) , 112.5 ksi (fu) 
#5: 64.7 ksi (fy) , 102.0 ksi (fu) 
Others: 60 ksi (fy) , 90 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
  (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A6.2-2 Sectional Properties of Girder 6 
Cross-Section Properties G6E & G6W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.851 
Total transformed area of the composite section, Ac 1070 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 702,138 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
44.10 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
28.90 in 
Composite section modulus for the bottom, Sbc 15,920 in3 
Composite section modulus for the top, Stc 24,297 in3 
Weight of composite section 1.180 kip/ft 
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Table A6.3-1 Load values for Load stages 
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 17.27 380.0 5319.8 380.0 
2 19.80 435.6 6098.4 435.6 
3 23.90 525.8 7361.2 525.8 
4 27.40 602.8 8439.2 602.8 
5 27.85 612.8 8579.2 612.8 
6* 27.66 608.5 8519.2 608.5 
7 30.00 660.0 9240.2 660.0 
8 29.72 404.2 7965.0 606.3 
9 37.30 453.6 9474.2 740.0 
10* 38.32 466.0 9734.0 760.3 
( * Load Stage of Failure ) 
 
Table A6.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
17.27 - 0 0 0 - 
19.80 0.4 0 0 0 0.4 
23.90 - 0 0 0 - 
27.40 0.7 0.10 0.10 0.05 0.6 
27.85 - - - - - 
27.67 >0.70 >0.10 - - - 
30.00   0.10 0.10 0.7 
29.72   - - 0.7 
37.30   0.15 0.15 1 
38.32   >0.15 >0.15 >1.0 
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Table A6.5-1 First Web Shear Cracking and STD prediction of G6E 
End: G6E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 12.7 
Cracking Load w (k/ft) 16.19 
Cracking Section Location from support  (in) 63.84 
Neutral axis of composite section Ycb (in) 44.10 
Measured crack angle Testθ  (deg) 38 
Cracking shear force at section TestV  (kips) 318.6 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 167.6 
Total prestress force ppepe AfF =  (kips) 1600.2 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 11.98 
Self-Weight Moment Md  (k-ft) 140.2 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1109 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 295.2 
Ratio of cwTest VV 1.08 
Concrete Cracking Strength 'ct ff 4=  (psi) 450.8 
tpcMohr ffcot +=θ 1  1.86 
Mohrθ (deg) 28.3 
Ratio of MohrTest θθ  1.34 
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Table A6.5-2 Stirrup strains of East End (w = 38.32 kips/ft ) 
 S9 S10 S11 S12 S13 S14 S15 S16 
4 42 696 159 1867 1679 2075 87 -179 
3 37 79 1050 146 1375 1833 1792 N/A 
2 -362 -152 1221 785 1500 N/A 6998 -118 
1 -41 N/A 906 N/A 627 1324 1449 -308 
 
Table A6.5-3 Concrete strain gage locations at East end 
No X Y θ  No X Y θ  No X Y θ  
E1 9 19 46 E13 64 40 30 EB1 -9 5 0 
E2 17 21 42 E14 64 40 0 EB2 6 5 0 
E3 26 30 43 E15 64 40 90 EB3 12 5 0 
E4 33 21 29 E16 * 7 13 45 EB4 48 5 0 
E5 36 28 32 E17 * 20 16 31 EB5 102 5 0 
E6 44 39 33 E18 * 26 13 90 EB6 132 5 0 
E7 45 27 32 E19 * 45 27 10 EB7 * -2 8 0 
E8 54 40 90 E20 * 45 27 90 EB8 * 0 5 0 
E9 55 30 35 E21 * 55 30 0 EB9 * 24 5 0 
E10 55 40 42 E22 * 55 30 90     
E11 55 40 90 E23 * 87 54 36     
E12 56 40 0         
  * :  strain gages attached after West end failure 
 
Table A6.5-4 Concrete strains at East End under peak load 38.32 kips/ft (unit: sµ ) 
Gage E1 E2 E3 E4 E5 E6 E7 E8 E9 
Strain -1227 -1012 -827 -963 -537 -1756 -673 52 -640 
Gage E10 E11 E12 E13 E14 E15 E16 E17 E18 
Strain -356 -218 -272 -694 -596 -109 -1948 -1265 2409 
Gage E19 E20 E21 E22 E23     
Strain -215 -19 -157 -226 -875     
Gage EB1 EB2 EB3 EB4 EB5 EB6 EB7 EB8 EB9 
Strain 31 469 278 446 705 724 160 2525 292 
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Table A6.5-5: LRFD Shear Prediction for G6E  
 Prediction 
Concrete Strength 'cf   (ksi) 12.7 
External Load uw (k/ft) 34.88 
Critical Section (ft) 6.16 
Shear Force uV (kips) 581.8 
Moment uM (k-ft) 4088.7 
Effective prestress pef  (ksi) 167.6 
ed (in) 67.67 
vd (in) 60.90 
'
cfv  0.125 
1000x ×ε  -0.044 
β  2.87 
θ  23.7 
yf (ksi) 64.7 
sAv  (in2/in) 0.62/12 
cV (kips) 118.1 
sV (kips) 463.8 
pV (kips) 0 
psc VVVV ++= (kips) 581.9 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1160.2 
Nominal Shear nV (kips) 581.9 
Nominal Load nw (kips/ft) 34.88 
Error nun w/|ww| −  0 
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Table A6.5-6 STD Shear Prediction for G6E  
STD Prediction 
Concrete Strength 'cf   (ksi) 12.7 
Test Load uw (k/ft) 38.32 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 744.2 
Moment due to test load uM (k-ft) 2596.7 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 9.548 
Effective prestress pef  (ksi) 167.6 
Total prestress force ppepe AfF =  (kips) 1600.2 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 11.98 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
5425.7 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7973.2 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 2337.9 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1092.1 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 293.2 
)V,Vmin(V cwcic = 293.2 
yf (ksi) 64.7 
sA v  (in
2/in) 0.62/12 
s
dfA
V yvs =  (kips) 226.2 
scn VVV +=   (kips) 519.4 
Nominal Load STDw (kips/ft) 26.74 
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Table A6.5-7 Capacity comparison of prediction and test result of G6E 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G6E 38.32 34.88 34.29 26.74 1.10 1.12 1.43 
 
 
Table A6.6-1 First Web Shear Cracking and STD prediction of G6W 
End: G6W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 12.7 
Cracking Load w (k/ft) 16.7 
Cracking Section Location from support  (in) 29.64 
Neutral axis of composite section Ycb (in) 44.10 
Measured crack angle Testθ  (deg) 46 
Cracking shear force at section TestV  (kips) 367.4 
Area of Prestress strands pA  (in2) 5.642 
Effective prestress pef  (ksi) 167.6 
Total prestress force ppepe AfF =  (kips) 945.6 
Centroid of strands from the bottom pe (in) 5.08 
Eccentricity of strands from the girder centroid ce (in) 27.04 
Distance between centroids of girder and composite section y (in) 11.98 
Self-Weight Moment Md  (k-ft) 68.2 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
571.2 
d (in) 67.92 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 230.6 
Ratio of cwTest VV 1.59 
Concrete Cracking Strength 'ct ff 4=  (psi) 450.8 
tpcMohr ffcot +=θ 1  1.51 
Mohrθ (deg) 33.6 
Ratio of MohrTest θθ  1.37 
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Table A6.6-2 Stirrup strains of West End (w = 27.85 kips/ft ) 
 S1 S2 S3 S4 S5 S6 S7 S8 
4 -34 644 1100 N/A 1572 736 24 N/A 
3 -180 N/A 725 1465 N/A N/A -14 -75 
2 -165 307 1710 727 109 N/A -28 -130 
1 -344 2174 2199 871 -65 -105 -91 -197 
 
Table A6.6-3 Concrete strain gage locations at West end 
No X Y θ  No X Y θ  No X Y θ  
W1 10 20 48 W11 55 29 0 WB1 -9 5 0 
W2 18 22 36 W12 55 29 90 WB2 6 5 0 
W3 27 31 38 W13 56 40 39 WB3 12 5 0 
W4 36 28 32 W14 56 40 0 WB4 48 5 0 
W5 45 39 39 W15 55 40 90 WB5 78 5 0 
W6 45 39 0 W16 57 40 90 WB6 90 5 0 
W7 45 39 90     WB7 102 5 0 
W8 45 30 29     WB8 114 5 0 
W9 51 47 40     WB9 132 5 0 
W10 55 29 45     WB10 156 5 0 
 
Table A6.6-4 Concrete strains of West End under failure load 27.85 kips/ft (Unit: sµ ) 
Gage W1 W2 W3 W4 W5 W6 W7 W8 
Strain -1108 -705 -691 -309 -560 -208 -188 -455 
Gage W9 W10 W11 W12 W13 W14 W15 W16 
Strain -522 -424 -219 -92 -884 -7603 -7517 -122 
Gage WB1 WB2 WB3 WB4 WB5 WB6 WB7 WB8 
Strain -3 366 176 314 443 531 514 529 
Gage WB9 WB10       
Strain 601 645       
 
          
 A6-30
Table A6.6-5 LRFD Shear Prediction for G6W 
 Prediction 
Concrete Strength 'cf   (ksi) 12.7 
External Load uw (k/ft) 27.38 
Critical Section (ft) 5.64 
Shear Force uV (kips) 530.1 
Moment uM (k-ft) 3301.9 
Effective prestress pef  (ksi) 167.6 
vd (in) 61.33 
'
cfv  0.1134 
1000x ×ε  0.1257 
β  2.74 
θ  25.9 
yf (ksi) 64.70 
sAv  (in2/in) 0.62/12 
cV (kips) 113.5 
sV (kips) 422.2 
pV (kips) 0 
psc VVVV ++= (kips) 535.7 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1168.3 
Nominal Shear nV (kips) 535.7 
Nominal Load nw (kips/ft) 27.67 
Error nun w/|ww| −  1% 
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Table A6.6-6 STD Shear Prediction for G6W  
STD Prediction 
Concrete Strength 'cf   (ksi) 12.7 
Test Load uw (k/ft) 27.85 
Critical Section (ft) 3.42 
d (in) 67.92 
Shear Force due to test load uV (kips) 601.0 
Moment due to test load uM (k-ft) 2093.0 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 5.642 
Effective prestress pef  (ksi) 167.6 
Total prestress force ppepe AfF =  (kips) 945.6 
Centroid of strands from the bottom pe (in) 5.08 
Eccentricity of strands from the girder centroid ce (in) 27.04 
Distance between centroids of girder and composite section y (in) 11.98 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
3418.2 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 5309.7 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips)  1577.7 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
 
580.3 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 231.7 
)V,Vmin(V cwcic = 231.7 
yf (ksi) 64.7 
sA v  (in
2/in) 0.62/12 
s
dfA
V yvs =  (kips) 227.1 
scn VVV +=   (kips) 458.7 
Nominal Load STDw (kips/ft) 21.26 
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Table A6.6-7 Capacity comparison of prediction and test result of G6W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G6W 27.85 27.67 29.95 21.26 1.01 0.93 1.31 
 
Table A6.7-1 Loadings for Zurich reading 
Loading  (kips/ft) 0 23.90 27.40 27.85 30.00 38.32 
Zurich Stage  1,2 3 4 5 6 7 
 
Table A6.8-1(a) Bulb surface strain of G6W 
G6W Strain(µε ) 
Release(12/02/03) Release (12/09/03) 
Number 
Before After Before After 
3/16/200
4 
1-3 0 -224 -244 -349 N/A 
2-4 0 -334 -398 -644 -784 
3-5 0 -326 -398 -706 -910 
4-6 0 -292 -374 -679 -893 
5-7 0 N/A N/A N/A N/A 
6-8 0 -241 -327 -673 -902 
7-9 0 -265 -330 -685 -953 
8-10 0 -280 -339 -710 -964 
9-11 0 -294 -348 -735 -979 
10-12 0 -291 -349 -728 -935 
11-13 0 -247 -325 -701 -934 
12-14 0 N/A N/A N/A N/A 
13-15 0 -246 -313 -690 -953 
14-16 0 -181 -317 -724 -977 
15-17 0 -235 -311 -723 -946 
16-18 0 -294 -363 -780 -1062 
17-19 0 -359 -453 -871 -1118 
18-20 0 N/A N/A N/A N/A 
19-21 0 -298 -420 -858 -1115 
20-22 0 -262 -394 -837 -1100 
21-23 0 -286 -362 -790 -1082 
22-24 0 -290 -380 -848 -1169 
23-25 0 -366 -466 -939 -1232 
24-26 0 -384 -488 -961 -1267 
25-27 0 -324 -417 -881 -1228 
26-28 0 -303 -361 -809 -1161 
27-29 0 -317 -394 -843 -1210 
28-30 0 -296 -443 -891 -1232 
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29-31 0 -300 -346 -789 N/A 
30-32 0 -276 -316 -790 -1137 
31-33 0 -449 -474 -937 -1338 
32-34 0 -429 -478 -928 -1374 
33-35 0 -308 -317 -786 -1132 
34-36 0 -323 -316 -831 -1182 
35-37 0 -307 -379 -888 -1263 
36-38 0 -251 -302 -766 -1101 
37-39 0 -366 -366 -831 N/A 
  
Table A6.8-1(b) Bulb surface strain of G6M 
G6M Strain(µε ) 
Release(12/02/03) Release (12/09/03) 
Number 
Before After Before After 
3/16/2004
C1-C3 0 -295 -364 -815 -1105 
C2-C4 0 -274 -357 -763 -1024 
C3-C5 0 -375 -502 -946 -1237 
C4-C6 0 -409 -515 -949 -1350 
C5-C7 0 -342 -436 -893 -1193 
C6-C8 0 -315 -443 -886 -1303 
C7-C9 0 -420 -517 -975 -1263 
C8-C10 0 -385 -520 -1009 -1257 
C9-C11 0 -310 -494 -909 -1198 
C10-C12 0 -275 -434 -911 -1230 
C11-C13 0 -320 -512 -985 -1275 
C12-C14 0 -305 -486 -1035 -1250 
Average 0 -336 -465 -923 -1224 
Table A6.8-1(c) Bulb surface strain of G6E 
G6E Strain(µε ) 
Release(12/02/03) Release (12/09/03) 
Number 
Before After Before After 
3/16/2004
1-3 0 -175 -224 -294 -479 
2-4 0 -285 -349 -614 N/A 
3-5 0 -368 -440 -933 -1335 
4-6 0 -443 -389 -1001 -1473 
5-7 0 -366 -502 -993 -1569 
6-8 0 -318 -367 -883 -1539 
7-9 0 -360 -479 -1064 -1674 
8-10 0 -370 -484 -994 -1590 
9-11 0 -340 -422 -917 -1556 
10-12 0 -324 -436 -954 N/A 
11-13 0 -343 -393 -915 -1297 
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Table A6.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G6E & G6W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  15.3 ksi 
Concrete strength at 28 days, 'cf  18.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 7,499 ksi  
Modulus of elasticity of Girder  8,134 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #3 : 76.5 ksi 
#5 : 64.7 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A6.9-2 Sectional properties of Girder 6 (Design Value) 
Cross-Section Properties G6E & G6W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.527 
Total transformed area of the composite section, Ac 934 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 611,942 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
40.62 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
32.38 in 
Composite section modulus for the bottom, Sbc 15,065 in3 
Composite section modulus for the top, Stc 18,899 in3 
Weight of composite section 1.180 kip/ft 
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Table A6.9-3 Prestress losses along the Girder 6 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 23.12 23.59 24.54 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 
pESf∆ (ksi) 12.01 12.94 16.63 18.77 18.70 18.68 18.70 18.77 18.89 19.06 19.18 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 37.82 40.62 52.04 58.68 58.37 58.27 58.37 58.68 59.20 59.92 60.46 
2pRf∆ (ksi) 1.90 1.62 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 pTf∆  (ksi) 58.23 61.68 75.66 83.96 83.58 83.45 83.58 83.96 84.59 85.48 86.14 
pef (ksi) 144.3 140.8 126.8 118.5 118.9 119.1 118.9 118.5 117.9 117.0 116.4 
 
 
Table A6.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -3.76 -4.01 -5.06 -5.74 -5.71 -5.70 -5.71 -5.74 -5.78 -5.84 -5.88
tf (ksi) 0.43 0.46 0.65 0.69 0.66 0.66 0.66 0.69 0.73 0.79 0.84
1.2T(kips) 64.6 69.7 104.4 107.0 101.0 99.0 101.0 107.0 117.0 131.2 141.8
 
 
Table A6.9-5 Flexural Strength of Girder 6 ( kips/ft 33.34w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 3862.1 6866.0 9011.6 10299.0 10728.1 10299.0 9011.6 6866.0 3862.1
c (in) 10.01 10.37 11.16 11.16 11.16 11.16 11.16 11.16 11.16
ed (in) 64.47 65.42 65.18 65.18 65.18 65.18 65.18 65.18 65.18
ed/c  0.155 0.159 0.171 0.171 0.171 0.171 0.171 0.171 0.171
psf (ksi) 258.3 258.0 257.1 257.1 257.1 257.1 257.1 257.1 257.1
nM (k-ft) 8331.1 10645.7 12092.3 12092.3 12092.3 12092.3 12092.3 12092.3 12092.3
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Table A6.9-6 Shear Design of Girder 6 ( ksi 4.123fpe = ) 
 G6W G6E 
X (ft) 5.37 
(5.37) 
15.98 
(15.98) 
25.00 
(25.00) 
26.32 
(23.68) 
33.57 
(16.43) 
43.50 
(6.50) 
uw (k/ft) 27.32 27.32 27.32 34.33 34.33 34.33 
uV (kips) 536.29 246.43 0.00 45.32 294.21 635.11 
uM (k-ft) 3273.8 7426.1 8537.5 10698.2 9467.44 4853.4 
ed (in) 68.14 67.67 67.67 67.67 67.67 67.67 
vd (in) 61.33 60.90 60.90 60.90 60.90 60.90 
'
cfv  0.0810 0.0375 0.0000 0.0069 0.0447 0.0966 
1000x ×ε  0.0468 0.0262 -0.0060 0.8012 0.6998 0.0008 
β  2.75 3.24 3.75 2.23 2.38 3.14 
θ  27.1 24.3 21.8 36.4 33.7 22.5 
θcotd v (in) 119.85 134.88 152.26 82.60 91.32 147.03 
cV (kips) 135.67 158.72 183.71 109.24 116.59 153.82 
pV (kips) 0 0 0 0 0 0 
reqsV , (kips) 400.63 87.70 0.00 0 177.616 481.282 
yf (ksi) 64.7 64.7 64.7 64.7 64.7 64.7 
reqv )sA( (in2/in) 0.05167 0.01243 0.00000 0 0.03006 0.05059 
Max space s 24 24 24 24 24 24 
Min sAv  0.01243 0.01243 0.00000 0 0.01243 0.01243 
vA  (
2in ) 0.62 0.62 0.260124 0.26 0.62 0.62 
s (in) 12 20 24 24 20 12 
sAv  (in2/in) 0.05167 0.03100 0.01084 0.01084 0.03100 0.05167 
cV (kips) 135.67 158.72 183.71 109.24 116.59 153.82 
sV (kips) 400.63 270.53 106.77 57.93 183.15 491.48 
pV (kips) 0 0 0 0 0 0 
nV (kips) 536.29 429.25 290.48 167.17 299.74 645.31 
nw (kips/ft) 27.32 47.59 - 126.64 34.98 34.88 
 
 A6-38
6 - #5 G5 Bars @2”
Total Length = 52 ft
42 straight bottom strands + 2 straight top strands
midspan21 - #3 G7 Bars @5” = 8’ 4”2” 2”
6 - #5 G5 Bars @2” = 1’2 Spacing @20”
13 Spacing @12”=13’
21 - #3 G7 Bars @5” = 8’ 4”
#5 G3 Bars
24”12 - #5 G4 Bars @12=11' 6"
#5 G3 Bars
24”
5 Spacing @20”=8’ 4”13 Spacing @12”=13’
12 - #5 G4 Bars @12=11' 6"
5 Spacing @20”=8’ 4”
3-#3 G15 Bars
 
Figure A6.1-1 Elevation of Girder 6 Showing Reinforcement 
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Figure A6.1-2 Details of Debonded Strands in Girder End G6W 
 
Span Length = 50 ft
Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A6.3-1 Loading Pattern of West End Test (G6W) 
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Figure A6.3-2 Loading history of West End Test (G6W) 
 
Span Length = 50 ft
Total Length = 52 ft
15 ft 32 ft 3 ft
 
Figure A6.3-3 Loading Pattern of East End Test (G6E)  
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Figure A6.3-4 Loading history of East End Test (G6E) 
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       West End                                                           Midspan                                                                   East End 
 
(a) Load Stage 1 (Load: 17.27 kips/ft) 
 
(b) Load Stage 2  (Load: 19.80 kips/ft) 
 
(c) Load Stage 3  (Load: 23.90 kips/ft) 
 
(d) Load Stage 4  (Load: 27.40 kips/ft) 
 
(e) Load Stage 5  (Load: 27.85 kips/ft) 
 
(f) Load Stage 6 (Load: 27.66 kips/ft) 
 
(g) Load Stage 7 (Load: 30.00 kips/ft) 
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(h) Load Stage 8 (Load: 29.72 kips/ft) 
 
(i) Load Stage 9 (Load: 37.30 kips/ft) 
 
(j) Load Stage 10 (Load: 38.32 kips/ft) 
Figure A6.4-1 Crack patterns of Girder 6 
 
 
Figure A6.4-2 The First Diagonal Cracks at the East End of Girder 6 
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Figure A6.4-3 First Diagonal Cracks at the West End of Girder 6 
  
Figure A6.4-4 Diagonal Cracking of Girder 6 in Load Stage 2 
  
Figure A6.4-5 Diagonal Cracking of Girder 6 in Load Stage 3 
 A6-43
 
 
Figure A6.4-6 Diagonal Cracking of Girder 6 in Load Stage 4 
 
 
Figure A6.4-7 Local Web Crushing Started at West End of Girder 6 
Local web curshing 
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Figure A6.4-8 Failure of West End of Girder 6 
 
 
Figure A6.4-9 Web Sliding after Failure of West End of Girder 6 
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Figure A6.4-10 Repair of West End of Girder 6 
 
 
 
Figure A6.4-11 Repair of West End of Girder 6 with Reinforcement and Steel Plate 
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Figure A6.4-12 Failure of East End of Girder 6 
 
 
 
Figure A6.4-13 Web Sliding after Failure of East End of Girder 6 
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Figure A6.5-1 Location of first cracks for East End (G6E) 
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Figure A6.5-2 Crack Angle Distribution at G6E  
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Figure A6.5-3 Shear Force versus Shear Strain Curve of East End Region (G6E) 
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Figure A6.5-4 Strains of Shear Reinforcements of East End (G6E) 
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Figure A6.5-5 Concrete Strain Gages at East End 
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Figure A6.5-6 Concrete strains at East End 
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Figure A6.5-7 Strand slips of East End  
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Figure A6.5-8 Vertical Deflections of East End Test 
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Figure A6.5-9 Longitudinal Strains of East End Test 
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(b) 
Figure A6.5-10 Reinforcement Strains in Bottom Cage of G6E 
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Figure A6.6-1 Location of first cracks for East End (G6W) 
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Figure A6.6-2 Crack Angle Distribution at G6W 
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Figure A6.6-3 Shear Force versus Shear Strain Curve of West End Test (G6W) 
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Figure A6.6-4 Strains of Shear Reinforcements of West End (G6W) 
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Figure A6.6-5 Concrete Strain Gages at West End 
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Figure A6.6-6 Concrete strains at West End 
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Figure A6.5-7 Strand slips of West End  
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Figure A6.6-8 Vertical deflections of the West End Test 
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Figure A6.6-9 Longitudinal Strains of West End Test 
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(b) 
Figure A6.6-10 Reinforcement Strains in Bottom Cage of G6W 
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Figure A6.6-11 Failure Mode of G6W 
 
 
Figure A6.7-1 Target Numbers and Locations 
 
 
 A6-61
Col = 47 Col = 48 Col = 49 Col = 50 Col = 51 Col = 52 Col = 53 Col = 54 Col = 55 Col = 56 Col = 57 Col = 58 Col = 59 Col = 60 Col = 61 Col = 62
0.27 0.01 -0.19 -0.00 0.20 0.06 0.10 -0.02 -0.02 0.02 -0.08 -0.14 -0.06
-0.24 -0.18 -0.13 -0.25 -0.30 -0.19 -0.27 -0.29 -0.29 -0.21 -0.08 -0.21 -0.12
0.38 0.50 1.00 0.45 0.41 0.82 0.47 0.53 -0.03 -0.09 0.10 -0.15 -0.18 -0.03
1.31 1.25 1.36 1.15 1.44 1.30 1.28 0.89 0.09 0.28 0.09 0.22 0.04
0.23 -0.08 0.17 0.28 -0.02 0.18 0.16 0.35 -0.11 -0.06 -0.05 -0.11 -0.09
-0.18 -0.22 -0.17 -0.19 -0.35 -0.21 -0.15 -0.44 -0.43 -0.38 -0.42 -0.31 -0.14
0.33 0.63 0.21 0.58 0.63 0.45 0.93 0.77 0.80 -0.06 -0.17 -0.17 -0.12 0.02
0.99 0.93 0.87 1.32 1.30 1.30 1.77 2.06 1.34 0.18 0.13 0.08 -0.01
0.01 0.25 -0.08 0.09 0.28 -0.02 0.11 0.32 0.65 -0.16 -0.07 -0.08 -0.10
-0.03 -0.17 -0.04 -0.11 -0.11 -0.12 -0.26 -0.29 -0.65 -0.38 -0.34 -0.23 -0.13
0.37 0.33 0.31 0.39 0.27 0.85 0.44 0.67 1.07 1.14 -0.15 -0.19 -0.10 -0.02
0.61 0.92 0.50 0.85 1.05 1.18 1.15 1.79 2.69 1.63 0.09 0.04 -0.01
0.10 0.23 -0.01 0.13 -0.02 0.15 -0.11 -0.05 0.31 1.08 -0.12 -0.11 -0.06
-0.05 -0.02 0.06 -0.10 -0.01 -0.09 -0.10 -0.32 -0.41 -0.25 -0.55 -0.43 -0.19
0.09 0.15 0.52 0.32 0.27 0.34 0.65 0.36 0.03 0.47 1.03 -0.01 -0.22 -0.14
0.43 0.68 0.70 0.83 0.47 0.95 0.89 0.75 1.59 2.40 1.81 0.51 -0.01
0.12 0.06 0.11 0.21 0.02 -0.05 0.10 0.11 -0.04 0.03 0.68 0.12 -0.07  
 
Figure A6.7-2 Deformation of Zurich Grid at East Half of Girder 6 (Unit: mm, w = 38.32 kips/ft) 
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Figure A6.7-3 Deformation of Zurich Grid at West Half of Girder 6 (Unit: mm, w = 27.85 kips/ft) 
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Figure A6.8-1 Surface strain of Girder 6 
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Figure A6.9-1 Cross-Sectional Dimensions of Girder 6 
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Figure A6.9-2 Loading set-up 
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Figure A6.9-3 Tendon Profile of Girder 6 
 
 A6-64
0
2000
4000
6000
8000
10000
12000
14000
0 5 10 15 20 25 30 35 40 45 50
Distance From Left Support (ft)
M
om
en
t (
ki
p-
ft)
Mu
Mn
 
Figure A6.9-4 Flexural Strength of Girder 6 
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Figure A6.9-5 Shear Design of Girder 6 
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A7 Presentation of Experimental Results for Girder 7 
 
A7.1 Introduction 
The objectives of the tests on Girder were on the West half to induce a failure away from the end 
region of the girder an in the region that encompassed both web-shear and flexure-shear behavior 
while on the East half a repeat of the G3E test was planned for assessing repeatability. The 
desired West half behavior was to be achieved by designing the entire girder in shear for a 
uniformly distributed load of “wu” = 32.06 kips/ft and then only providing minimum shear 
reinforcement in the second design region from the West end. This second design region will be 
referred to here as a “Transition” zone since it behaves as a combination of both a “Web-Shear” 
and “Flexure-Shear” cracking region. Girder 7 was designed with a specified concrete 
compressive strength of 16 ksi. The shear reinforcement in the “transition zone” at West end 
consisted of double-legged #3 bars at 23 inches spacing , while in the East transition zone the 
shear reinforcement in the same region consisted of double-legged #4 bars at 12 inch spacing, a 
difference of 350% in the amount of shear reinforcement. For end regions (G7E and G7W), No.4 
bars with a spacing of 8 inches were used as shear reinforcement and the design shear stress was 
v = 0.12f΄c =1.68 ksi, corresponding to wu = 32.06 kips/ft. A total of 44 strands were used, with 
42 strands in the bottom bulb and lower web and 2 strands in the top flange. Figures A7.1-1 and 
A7.1-2 show the reinforcement layout. Girder 7 was designed to satisfy the requirements of the 
AASHTO LRFD Bridge Design Specifications 2nd Edition with 2001 Revisions and a summary 
of the design is provided in Section A7.9. 
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A1.2 Measured Material Properties and Cross-Sectional Properties 
Girder 7 was cast on 06/14/2004 and the strands were released on 06/17/2004. It was 
loaded until an impending failure at the East end on 07/22/2004 and was then loaded until the 
West end failed on 08/18/2004. The measured cylinder compressive strength at time of test was 
12.5 ksi. Table A7.2-1 summarizes the measured material properties of Girder 7. Table A7.2-2 
presents the properties of the cross section.  The composite section properties were computed 
based on the transformed slab width and using the calculated modulus of elasticity of the precast 
girder. 
A7.3 Loading History 
Girder 7 was first loaded on July 22, 2004 until failure was imminent at the East end of 
the girder. The girder was then unloaded, both its ends were repaired and each of the prestressing 
strands at West End were anchored with mono-strand anchors to prevent strand slip against a 
steel plate bearing on the concrete of the end of the beam. Then the girder was reloaded on 
August 18, 2004 until diagonal crushing occurred at the inside face of the repair at the West end.  
 A7.3.1 Test Load for East End (G7E)  
Girder 7 was loaded using 44 jacks distributed over the central 44 feet of the span. Figure 
A7.3-1 illustrates the loading pattern. The girder was loaded to 33.47 kips/ft at which point 
failure was imminent at East end. The girder was then unloaded.  The complete loading history 
for that test is shown in Figure A7.3-2. Loading stages 1 through 6 for that test are indicated on 
the loading curves. 
A7.3.2 Test Load for West End (G7W)  
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After unloading, both ends were repaired and the prestressing strands at West end were 
anchored with mono-strand anchors to prevent strand slip.  Then Girder 7 was reloaded on 
August 18, 2004. Eight jacks were disconnected at both ends of the girder to decrease the shear 
in the end region relative to the shear in the transition region. Figure A7.3-3 shows the resultant 
loading pattern. The capacity of Girder 7 was reached at a load of 44.76 kips/ft and simultaneous 
with diagonal crushing occurring at the inside face of the repair at the West end and crushing of 
the web at the West end of the girder. Figure A7.3-4 shows the loading history for that West end 
test. Loading stages 6 through 9 are indicated on that curve. 
A7.3.3 Loading Stages 
As identified in the loading history curves, a total of 10 loading stages were taken over 
the duration of the test. Table A7.3-1 lists the maximum load value for each load stage.  Also 
listed in the Table A7.3-1 are the reaction forces RWest at the West support and REast at the East 
support, as well the mid-span moment MMid corresponding to that stage loading level. Note that 
there are two stage 6 loadings with the first being that for imminent failure at the East end and 
6(2) being the first stage for the West end load test.  
A7.4 Behavior of Girder 7 
Figure A7.4-1 presents the crack pattern that was measured at each load stage. Beneath 
each crack diagram is reported the associated maximum load value. Table A6.4-1 presents a 
summary of the development of cracking. For each load stage the maximum crack widths are 
presented for the web-shear zone (WS) and the flexure-shear zone (FS) of both ends as well as 
the flexure cracks (F) in the bottom bulb. The crack widths are given in the measured units of 
mm. A description is now provided of the observed behavior of the girder at each load stage. 
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 (1) Load Stage 1 (w = 18.10 kips/ft) 
The first diagonal cracking occurred at the East end at a load of 17.93 kips/ft. The four 
main cracks between the East end and the middle are shown in Figure A7.4-1(a).   Those crack 
had angles of 32, 32, 31 and 29 degrees, respectively. The maximum crack width at this stage is 
0.30 mm. Figure A7.4-2 is a photograph of the first diagonal cracking at the East End. There was 
no observed cracking at the West end. 
(2) Load Stage 2 (w = 18.90 kips/ft) 
Cracks at the East End became wider throughout their length although the maximum 
crack width remained at 0.30 mm. Cracking at the West end occurred at a load of 18.90 kips/ft 
with crack angles changing from 38 degrees for the crack closest to the end to 28 degrees for the 
crack closest to mid-span, as shown in Figure A7.4-1(b).The maximum crack width was 0.30mm. 
Figure A7.4-3 shows those first diagonal cracks at the West end. 
(3) Load Stage 3 (w = 24.40 kips/ft) 
As shown in Figure A7.4-4, additional diagonal cracking developed at both ends of the 
girder and existing cracks increased in width to a maximum width of 0.40 mm (G7E) and 0.35 
mm (G7W). There were no observed flexural cracks during this load stage.  
(4) Load Stage 4 (w = 31.23 kips/ft) 
With increasing load, diagonal shear cracking continued to develop at both ends of the 
girder. Maximum crack widths reached 0.50 mm at the West end and 0.75 mm at the East end. 
Flexural cracking also occurred around mid-span during this load stage. See Figure A7.4-1(d). 
Figure A7.4-5 shows the state of cracking at both ends of the girder in this load stage. 
(5) Load Stage 5 (w = 32.27 kips/ft) 
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The diagonal cracks at both ends spread more towards mid-span and the existing cracks 
increased in width to maximum widths of 0.95 mm at the East end and 0.75 mm at the West end. 
Flexure-shear cracks developed around mid-span and in particular in the flexure-shear region on 
the West side. The maximum flexure-shear crack width was 0.15 mm. Figure A7.4-6 illustrates 
the state of cracking at both ends in Load Stage 5.  
(6) Load Stage 6 (w=33.47 kips/ft) 
The degree of cracking, crushing, deformation and noise from the girder was such that 
simultaneous failures at both its ends were considered imminent under a load of 33.47 kips/ft.  
The decision was made to unload from this load level to prevent brittle failure at both ends.  
(7) Repair of both ends 
After Girder 7 was completely unloaded, it was strengthened on both ends in an attempt 
to obtain the expected flexural-shear failure in the transition zone. The end G7W was 
strengthened with the use of a 5-ft long diaphragm and external anchorage for all strands. The 
end G7E was also reinforced with the use of an 11-foot long diaphragm and external shear 
reinforcement. Figure A7.4-7 through Figure A7.4-9 show the repairs and strengthening for both 
girder ends. 
 (8) Transition Zone Test (Load Stages 6(2) through 9) 
After Girder 7 was strengthened in both ends, it was reloaded with 8 jacks removed from 
each end to decrease the shear in the end region relative to the transition regions. With increasing 
load, more flexure-shear cracks developed in the West end transition zone and the maximum 
crack width reached 1.0 mm in this region. Figure A7.4-10 shows the state of cracking in the 
West transition region in Load Stage 8 (w = 43.30 kips/ft). As load was increased further, signs 
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of local web crushing were observed at the West end. There was slip between the cast-in-place 
diaphragm and the girder as Girder 7 failed in a brittle manner at a load of 44.76 kips/ft. Local 
crushing and shear slip occurred at lower insider face of the repair at the West end of the girder 
together with crushing at the West end of the girder, as shown in Figure A7.4-11. As the failure 
progressed, the two halves of the cast-in-place diaphragm separated from the web. See Figure 
A7.4-12.  
A7. 5 Experimental Results for East End Test (G7E) 
A7.5.1 Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 17.93 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 49.41=cby ) at an 
angle of 32 degrees and at a longitudinal distance of 63.48 inches from the extreme East end 
(51.48 inches from the center line of the East support). See Figure A7.5-1.  Table A7.5-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 371.3 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 322.7 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.15. Table A7.5-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 32 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 26.5 degree, for a crack angle ratio of ӨTest/ӨMohr is 1.21.   
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(2) Distribution of Shear Crack Angles 
Figure A7.5-2 illustrates the distribution of shear crack angles for the East half of Girder 
7 (G7E). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 20 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A7.5.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear strains of 
the end regions. Those LVDTs were grouped into four rectangular rosettes, with two rosettes 
placed at the East end and two placed at the West end, as shown in Figure A7.5-3. LVDTs ED1 
through ED6 were at the East end. The gage lengths of the LVDTs were all 48 inches so the 
computed straining is the average strain over a distance of 48 inches.  From the two diagonal 
strains 1diagonalε  and 2diagonalε , the average shear strain γ of that region can be computed for each 
rosette as )( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses obtained from 
those LVDTs are shown in Figure A7.5-3. Note the shear force V was calculated for the section 
at the center point of the rosette. The shear response up until first cracking was linear elastic with 
a stiffness of 0.74 kips/µs (ED1 and ED3). Under the failure load w = 33.47 kips/ft, the shear 
forces and shear strains are V = 736.3 kips, γ = 4054 µs ( ED1 and ED3 ).  
A7.5.3 Stirrup Strains 
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A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S9 through S16 were placed on East half, as shown in Figure A7.5-
4. Figure A7.5-4 also presents the development of stirrup straining up to the peak load. Note that 
the values given are not the actual strains in the stirrups, but represent the change in strain 
resulting from the externally applied load since the gage readings were set to zero prior to 
loading. That said, the vertical strains in the stirrups due solely to the effects of prestressing have 
been measured in other girders and calculated by analyses to be very small. The stirrup yield 
strains of stirrups were approximately 2400 micro-strain. At the peak load only stirrups S15 and 
S16 were yielding. Table A7.5-2 lists the stirrup strain for each gage under the peak load of 
33.47 kips/ft. 
A7.5.4 Concrete Strains at East End 
(1) Locations of Gages at East End 
A total of 11 strain gages were placed at the East end, with eight gages placed on the web 
and designated “E*”’ in Figure A7.5-5, and three placed on the bottom bulb and designated 
“EB*”. The locations and angles of inclination for each gage can be found in Table A7.5-3.  
 (2) Concrete Strains at East End 
The strains recorded by the gages at the East end are shown in Figure A7.5-6. Table 
A7.5-4 lists the peak strain for each gage under a load of 33.47 kips/ft. 
A7.5.5 Strand Slip of East End (G7E) 
Strand slips were measured by LVDTs attached between the strands and the girder at 
both ends. No significant slip was observed in this test.  
A7.5.6 Vertical Deflections During East End Test 
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The deflections of the girder were measured with LVDT at five locations, as shown in 
Figure A7.5-7. As can be seen from Figure A7.5-7, the deflections reached their maximum under 
the peak load of 33.47 kips/ft. The maximum deflections were 0.078 in (V1), 2.264 in (V3), 
1.590 in (V4), and 0.226 in (V5).   
A7.5.7 Longitudinal Strains During East End Test 
Longitudinal strains were measured using LVDTs that were attached to the girder at four 
different locations as shown in Figure A7.5-8. Figure A7.5-8 also presents the measured 
longitudinal strains over the 48 inch gage length. The longitudinal strains at peak load (33.47 
kips/ft) were 290µs  (H1), 1851µs  (H2), 165 µs  (H3) and -834 µs  (H4). The maximum 
compressive strain at mid-span of H4 was 1239 µs . The maximum tensile stress of the bottom 
bulb at the mid-span (H2, 1851µs ) corresponds to a prestress increment 
of ksi 75.5210185128500 6 =×× − . Thus the prestressing strands did not yield in this test since 
ksi 0.243f ksi 8.21975.520.167 py =<=+ . 
A7.5.8 Reinforcement strains in the Bulb Confinement Cage at G7E 
A confinement cage was used to encompass the strains in the bottom bulb over a distance 
of 100 inches from the end. A total of 10 strain gages were attached on the cage as shown in 
Figure A7.8-2. Four strain gages, numbered 1 – 4, were used to measure the longitudinal strains, 
and the remaining gages, numbered 5 – 10, were used for measuring transverse strains. Gages 5-
7 were located on the inclined reinforcement near the top of the bottom bulb while gages 8-10 
were located along the bottom bulb. Table A7.8-2 lists the detailed gage locations in the cage. 
Table A7.8-3 presents the sets of strain measurements taken before test.  
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Figure A7.5-9(a) presents the measured longitudinal strains versus load for the 
confinement cage. All gages measured increasing tensile strain with increasing load. At the 
failure load 33.47 kips/ft, the measured tensile strains were 949 µs (gage 1), 954 µs (gage 2),  
175 µs (gage 3) and 185 µs (gage 4). Figure A7.5-9(b) presents the curves of the measured 
transverse strains versus load for the confinement cage. During the test gages 5, 6 and 7 
measured compressive strains while gages 8, 9 and 10 measured tensile strains. At the failure 
load of 33.47 kips/ft, the measured compression strains were -179 µs (gage 5), -103 µs (gage 6), 
and -175 µs (gage7), and the measured tensile strains were 159 µs (gage 8), 128 µs (gage 9) and 
89 µs (gage 10). 
A7.5.9 Failure Mode of G7E 
The test load was stopped at 33.47 kips/ft to prevent explosive failure in G7E. The 
corresponding support force was 736.3 kips. Failure of G7E was considered imminent based on 
the observed local crushing and audible clues. Figure A7.5-10 shows the pictures of G7E after 
unloading. Stirrups were close to yielding under peak load. Local crushing appeared at the web 
base near the inner face of the support. As load increased the splitting noises continued and sign 
of local crushing became more apparent. The average crack spacing of web shear was 4.5 inches 
and the maximum width was 0.75 mm just before failure. Shear slip was observed with 
downward relative movement of the upper strut. No strand slip was observed. The top flange and 
bottom bulb were undamaged but for two cracks that extended into the support.  
A7.5.10 Ultimate Shear Capacity of G7E 
Under the typical loading pattern shown in Figure A7.3-1, G7E was considered to have 
effectively reached its ultimate capacity when the loading was stopped at 33.47 kips/ft. This 
section compares the measured capacity with the capacity calculated using LRFD, STD and R2K. 
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LRFD: Table A7.5-5 presents the calculated shear capacity by the LRFD specifications. 
The critical section for shear was at x = 6.02 ft from the East support. The LRFD calculated 
shear capacity at the critical section is 582.4 kips, which corresponds to an external load of 
wLRFD = 30.69 kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section of x = 6.02 ft from the East support, R2K predicts a 
nominal shear capacity 539.2 kips, which corresponds to an external load of wR2K = 28.41 kips/ft 
for the same loading pattern as test load.  
STD: Table A7.5-6 presented the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support.  Thus the critical section was located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the East support, and the shear capacity calculated using AASHTO STD at this critical 
section was 556.0 kips, which corresponds to an external load of wSTD = 25.77 kips/ft for the 
same loading pattern as test load. 
Table A7.5-7 compares the measured capacity and the capacities calculated using LRFD, 
STD and R2K. 
A7. 6 Experimental Results for West End Test (G7W) 
A7.6.1 Shear Cracking at West End 
(1) Cracking Load and Angle of First Shear Cracking 
The first diagonal cracks occurred in the West end of the girder under a loading of 18.90 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 49.41=cby ) at an 
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angle of 38 degrees and at a longitudinal distance of 57.24 inches from the extreme West end 
(45.24 inches from the center line of the West support). See Figure A7.6-1.  Table A7.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 401.3 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 322.2 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.25. Table A7.6-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 38 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 26.6 degrees, for a crack angle ratio of ӨTest/ӨMohr is 1.43.   
(2) Distribution of Shear Crack Angles 
Figure A7.6-2 presents the distribution of shear crack angles for the West half of Girder 7 
(G7W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 22 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A7.6.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear 
strains of the end regions. Those LVDTs were grouped into four rectangular rosettes, with two 
rosettes placed at the East end and two placed at the West End, as shown in Figure A7.6-3. 
LVDTs WD1 through WD6 were at the West End. The gage lengths of the LVDTs were all 48 
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inches so the computer strain in the average strain over a distance of 48 inches.  From the two 
diagonal strains 1diagonalε  and 2diagonalε , the average shear strain γ of that region can be computed 
for each rosette as )( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses 
obtained from those LVDTs are shown in Figure A7.6-3. Note the shear force V was calculated 
for the section at the center point of the rosette. The response up until first cracking was linear 
with a stiffness of 0.73 kips/µs (WD1 and WD3) and 0.71 kips/µs (WD4 and WD6). Under the 
failure load w = 44.76 kips/ft, the shear forces and shear strains are V = 511.0 kips, γ = 5968 µs 
(WD1 and WD3 ) and V = 376.7 kips γ = 5580 µs (WD4 and WD6).  
A7.5.3 Stirrup Strains 
A total of 68 strain gages were placed on 17 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S9 were placed on the West half part of the girder, as 
shown in Figure A7.6-4. Figure A7.6-4 also presents the development of stirrup strains up to the 
peak load. Note that the values given are not the actual strains in the stirrups, but represent the 
change in strain resulting from the externally applied load since the gage readings were set to 
zero prior to loading. That said, the vertical strains in the stirrups due solely to the effects of 
prestressing have been measured in other girders and calculated by analyses to be very small. 
The stirrup yield strains were approximately 2400 micro-strain. Table A7.6-2(a) lists the stirrup 
strain for each gage under the peak load of 33.47 kips/ft. At that peak load stirrups S2, S4 and S6 
were yielding. Table A7.6-2(b) presents the stirrup strains for gages located in the transition zone 
up until the failure load 44.76 kips/ft.  
A7.6.4 Concrete Strains at West End (G7W) 
(1) Locations of Gages at West End 
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A total of 17 concrete strain gages were attached to the concrete surface at the West end 
as shown in Figure A7.6-5. A total of 12 strain gages on the web and designated by “W*” were 
used for measuring diagonal compression and monitoring the principal strains. The other five 
strain gages designated by “WB*” were located along the center of gravity of the strands and 
recorded the change in strain in the bottom bulb at the end of the girder.  Table A7.6-3 lists the 
location and angle of inclination for each gage. 
(2) Concrete strains of West End 
A total of nine web gages (W1 through W9) and three bottom gages ( WB1 through WB3) 
were attached to the girder before the strands were released to monitor the concrete strain 
changes due to the effects of strand  release. Gages W4, W5, W6 were formed into rosettes to 
measure the principal strains and principal directions. Table A7.6-4 lists the measured values 
before and after strand release and the values immediately before testing. The web strains 
recorded during testing are shown in Figure A7.6-6. Table A7.6-5(a) presents the surface strain 
of each gage under the failure load for the East end ( 33.47 kips/ft), and Table A7.6-5(b) presents 
the surface strains under the peak load of 44.76 kips/ft. 
A7.6.5 Strand Slip of West End (G7W) 
The prestressed strands in the West bottom bulb showed almost no slip during the test.  
A7.6.6 Vertical Displacements During West End Test 
After completion of the East end test, gages V1 and V2 were removed and only the 
deflections for the West half (V3, V4 , and V5) were measured. Figure A7.6-7 shows the 
resulting load-deflection curves for the West End Test. The deflections under the failure load 
(44.76 kips/ft) were 3.156 in (V3), 2.110 in (V4) and 0.245 in (V5).   
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A7.6.7 Longitudinal Strains of West End Test 
After completion of the East end test, longitudinal strains were measured only on the 
West half of the girder. Figure A7.6-8 shows the measured longitudinal strains at locations H2, 
H3 and H4 up to failure over their 48 inch gage length. The longitudinal strains at peak load 
(44.76 kips/ft) were 2752µs  (H2), 216 µs  (H3) and -1253 µs  (H4). The maximum compressive 
strain at mid-span of H4 was 1253µs . The maximum tensile stress of the bottom bulb at the mid-
span (H2, 2752µs ) corresponds to a prestress increment of ksi 4.7810275228500 6 =×× − , which 
means that prestressing strands had probably yielded at failure since 
ksi 0.243f ksi 4.2454.780.167 py =>=+ . 
A7.6.8 Reinforcement strains in the Bulb Confinement Cage at G7W 
A confinement cage was used to encompass the strains in the bottom bulb over a distance 
of 100 inches from the end of the girder. A total of 10 strain gages were attached on the cage as 
shown in Figure A7.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gages 8-10 were located along the bottom bulb. Table A7.8-2 lists the detailed 
gage locations in the cage. Table A7.8-3 presents the sets of strain measurements taken before 
test.  
Figure A7.6-9(a) presents the measured longitudinal strains versus load for the 
confinement cage. All gages measuring increasing tensile straining with increasing load. At the 
failure load 44.76 kips/ft, the measured tensile strains were 510 µs (gage 1), 782 µs (gage 2),  
526 µs (gage 3) and 310 µs (gage 4). Figure A7.6-9(b) presents the measured transverse strains 
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versus load for the confinement cage. During the test gages 5, 6, 7 measured compressive 
straining while gages 8, 9 and 10 measured tensile straining. Note that difference loading 
patterns were applied in the test which caused rapid strain changes in the plots, such as for gages 
1, 2 in Figure A7.6-9(a) and gages 5, 6, 7, 8 in Figure A7.6-9(b). 
A7.6.9 Failure Mode of G7W 
When the external load reached 44.76 kips/ft with 8 jacks off on either end, G7W failed 
in a very explosive manner and the corresponding support force reached 626.5 kips. A 5-foot 
long diaphragm was cast before testing. Stirrups had yielded before failure. Just prior to failure, 
local crushing appeared at the base of the web at the leading edge of the diaphragm. Other 
splitting noises were heard in this region. As load increased, spalling extended upward along an 
inclined crack. The girder then failed in a very brittle manner with compression struts crushing at 
bottom. The damage had extended out to the end of the girder beneath the diaphragm. As the 
failure progressed, the side diaphragm separated from the web. The total crushed zone extended 
192 inches long from the end of the member was up 24 inches from the web-bulb interface as 
shown in Figure A7.6-10. With the web crushing the upper web slid towards the end of the 
member along the crushed zone. The sliding caused crushing at the point of strand anchorage, 
and also bent the stirrups in the crushed zone. The average spacing of web cracks was almost 4 
inches and the maximum shear crack width reached 0.75 mm. Shear slips along shear cracks 
occurred with downward relative movement of the upper part. No slippage of strands occurred 
due to anchorage, but strands in the crushed zone were released after failure. There was no 
damage found in both the top flange and the bottom bulb. 
A7.6.10 Ultimate Shear Capacity of West End 
A7.6.10.1 Shear Capacity of G7W (First Critical Section) 
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Under the loading pattern, as shown in Fig.A7.3-3, G7W failed when the distributed 
loading was 44.76 kips/ft. This result is now compared with the shear capacity calculated using 
the LRFD and STD specifications as well as R2K. 
LRFD: Table A7.6-6 presents the calculated shear capacity by the LRFD specifications. 
The critical section was at x = 6.02 ft from the West support. The LRFD calculated shear 
capacity at the critical section is 582.4 kips, which corresponds to an external load of wLRFD = 
41.60 kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section at x = 6.02 ft from the West support, R2K predicts a 
nominal shear capacity 525.1 kips, which corresponds to an external load of wR2K = 37.51 kips/ft 
for the same loading pattern as the test load.  
STD: Table A7.6-7 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support.   Then the critical section was located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the West support. The shear capacity calculated using the AASHTO STD procedure is 
556.0 kips, which corresponds to an external load of wSTD = 39.72 kips/ft for the same loading 
pattern as the test load. 
Table A7.6-8 compares the measured capacity and the capacities calculated using LRFD, 
STD and R2K. 
A7.6.10.2 Shear Capacity of G7W (Transition Region Critical Section) 
Under the loading pattern shown in Figure A7.3-3, G7W failed when the distributed 
loading reached 44.76 kips/ft. A 5-foot long diaphragm was placed on the West end before the 
failure of G7W. It was intended that this diaphragm would affect the location of the critical 
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section moving it from the end to an area where considerably less shear reinforcement was 
provided.  The diaphragm extended towards mid-span 4 ft. from the center of the support.  This 
section compares the measured capacity with the capacities calculated using LRFD, STD and 
R2K for a critical section located in front of the strengthening diaphragm. .  
  LRFD: Table A7.6-9 presents the calculated shear capacity by the LRFD specifications 
in which the critical section is taken at ft 9.78in 4.117cotd5.048x v ==θ+= , and within the 
range of in 7.138cotd v =θ , there are 11-#4 and 1-#3 bars, therefore, 
kips 6.348)5.74)(22.0()2.69)(4.0)(12(Vs =+=  
The calculated capacity at this new critical section is 465.8 kips, which corresponds to an 
external load of wLRFD = 33.27 kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section at x = 9.78 ft from the West support. R2K predicts the 
nominal shear capacity 478.4 kips, which corresponds to an external load of wR2K = 34.17 kips/ft 
for the same loading pattern as the test load.  
STD: AASHTO STD gives the location of the critical section as h/2 from the face of the 
support.  Then the new critical section is located at x = 73/2 + 48 = 84.5 inches = 7.04 ft. from 
the center of the West support. Table A7.6-10 summarizes the calculated shear design capacity 
by the AASHTO Standard specifications. The shear capacity at the new critical section is 559.0 
kips, which corresponds to an external load of wSTD = 39.93 kips/ft for the same loading pattern 
as test load. 
Table A7.6-11 compares the measured capacity and the calculated capacities for the new 
critical section using LRFD, STD and R2K. 
A7.6.10.3 Shear Capacity of G7FS (Flexure-Shear Critical Section) 
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The West end of Girder 7 failed under the loading pattern shown in Figure A7.3-3 when 
the distributed loading reached 44.76 kips/ft. This section compared the measured capacity with 
the capacities calculated using LRFD, STD and R2K for the flexure-shear region of the beam 
which is taken as a distance of 144 inches from the West support..  
LRFD: Table A7.6-12 presents the calculated shear capacity by the LRFD specifications 
in which the critical section was at ft 72.71cotd5.0144x v =θ+= from the West support. The 
shear capacity at this second critical section is 233.2 kips, which corresponds to an external load 
of wLRFD = 32.04 kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section at x = 17.72 ft from the West support, R2K predicts 
the nominal shear capacity to be 295.2 kips, which corresponds to an external load of wR2K = 
40.54 kips/ft for the same loading pattern as test load.  
STD:  Table A7.6-13 presents the shear capacity as calculated by the AASHTO Standard 
specifications for a critical section that is is located at x = 144 + 73/2 = 180.5 in = 15.04 ft. from 
the center of the West support. The shear capacity calculated using the AASHTO STD for this 
critical section is 377.7 kips, which corresponds to an external load of wSTD = 37.92 kips/ft for 
the same loading pattern as the test load. 
Table A7.6-14   compares the measured capacity and the calculated capacities for this 
flexure-shear critical section using LRFD, STD and R2K. 
A7.7 Zurich Gage Measurements 
A total of 315 aluminum targets were glued to the surface of the web in square grids prior 
to loading to measure the surface deformations of the web of Girder 7. Figure A7.7-1 shows the 
5-line and 63-column grid. The spacing between two adjacent targets was 10 in (254mm). The 
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Zurich Gage Measurement System was used to measure the distance between adjacent targets at 
different load levels during the experiment. Table A7.7-1 summarizes the load levels at which 
the Zurich measurement were taken. The first two sets of measurements were taken before 
testing without superimposed loading for calibration and error assessment. Figures A7.7-2 and 
Figure A7.7-3 present the change in distance measured between the targets. The value on the line 
segment is the deformation between those two targets. The unit of the deformation is millimeters 
(mm). 
A7.8 Measurements for Girder 7 Before Test 
Girder 7 was cast on June 14, 2004, and its prestressing tendons were released on June 
17, 2004. Strain and displacement measurements were taken before and after strand release to 
obtain the effects of strand release on the strains and internal deformations of the girder. An 
additional set of measurements was taken on July 21, 2004, immediately before starting the test 
on July 22, 2004 . The following sections present the measured strains and displacements.  
A7.8.1 Surface Deformations of the Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 7 by placing 
targets on both ends and near mid-span of the girder. The spacing between two measurement 
targets was 10 inches, but overlapping sets of targets were used so that the average strain was 
calculated every 5 inches. The location of the first target on each end was 3 inches from that end. 
Table A7.8-1 and Figure A7.8-1 present the detailed results of the surface strains for Girder 7.  
Figure A7.8-1 shows the strain distributions along the girder for the different dates shown in 
Table A7.8-1.  The plots have been organized so that the strain profile can be seen from the front 
elevation view perspective. The average compressive strains in the middle part of the girder after 
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release and immediately before test were -984µε  and -1244µε , respectively. Thus the average 
prestress loss and the average effective prestress before test can be estimated as: 
 ksi 5.3510124428500f 6Loss =××=∆ −  and  ksi 0.1675.355.202fpe =−= . 
A7.8.2 Strains in the Bottom Cages 
Ten strain gages were attached to the confinement cage.  Figure A7.8-2 shows their 
locations and identifiers. Table A7.8-2 lists the distance from the end of the girder to the location 
of each gage. Gages 1 through 4 were used for measuring longitudinal strains, while gages 5 
through 10 gages were used for measuring transverse strains in the confinement reinforcement. 
 The detailed results of the strains for Girder 7 for the two measurement dates are shown in the 
Table A7.8-3. 
A7.8.3 Strains in the Stirrups Nearest the Ends of the Girder 
As a measure of the bursting strain at each end of the girder, the strains in the first stirrup 
from each end were obtained. This stirrup was located 12 inches from the end of the girder. 
Figure A7.8-3 shows the gage locations and numbers. The detail results are listed in Table A7.8-
4. As expected, the largest strain was in Gage 1. 
A7.9 Design of Girder 7 
A7.9.1 Introduction 
Girder 7 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu , over a 50-foot simple span such that the shear stress at 
the face of the first critical shear section 0.5dvcotθ from the face of the support was equal to  v = 
0.12 f′c = 0.12(14) = 1.68 ksi. A 42-inch wide and 10-inch deep slab was made composite with 
the girder. The member was designed to satisfy all of the requirements of the AASHTO LRFD 
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Bridge Design Specifications 2nd Edition with 2001 Revisions. A brief summary of the design of 
Girder 7 is presented in this section. For a complete description of the design procedure, see 
section A1.9 of Appendix A1. 
A7.9.2 Materials 
The material properties used in the design of Girder 7 are shown in Table A7.9-1 
A7.9.3 Cross-Sectional Properties 
Figure A7.9-1 presents the geometric dimensions of the cross section and Table A7.9-2 
presents the cross-sectional properties. Since the girder and the slab had different concrete 
strengths, the composite section properties were computed based on the transformed slab width 
and using the calculated modulus of elasticity of the precast girder. 
A7.9.4 Load and Tendon Profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A7.9-2. Figure A7.9-3 presents the strand profile for Girder 7.  
A7.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
Table A7.9-3 lists the calculated losses of prestress along the length of the girder. All 
locations are measured from the extreme end of the girder. The average calculated effective 
prestress stress at the end of the service life is ksi 4.116fpe = . 
A7.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
Concrete stresses immediately after transfer were calculated and are given in Table A7.9-
4. All locations in this table are measured from the extreme end of the girder. 
A7.9.7 Flexural Strength Design 
 Table A7.9-5 presents the flexural strength design for the ultimate load 
kips/ft 06.32w u = for selected locations along Girder 7. These locations are measured from the 
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left support. Figure A7.9-4 also presents the resultant moment envelopes of design ultimate load 
and nominal flexural strength.  
A7.9.8 Shear Design of Girder 7 
 Summaries of calculations for the shear design of Girder 7 are presented in Table A7.9-6 
and Figure A7.9-5.  
A7.9.9 Drawings of Girder 7 
Figure A7.9-6 through Figure A7.9-9 present the fabrication drawings for Girder 7. 
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Table A7.2-1 Measured Materials Properties of Girder 7 
Materials G7E & G7W 
Deck Slab  
Concrete strength, 'cf  4.5 ksi  
Modulus of elasticity of slab Ec 4,067 ksi 
Precast Girder  
Concrete strength, 'cf  12.5 ksi  
Strain at peak stress 'cε  0.0032 
Modulus of elasticity of Girder  6,778 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     167.0 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #4: 69.2 ksi (fy) , 107.8 ksi (fu) 
#5: 68.4 ksi (fy) , 107.4 ksi (fu) 
Others: 74.5 ksi (fy) , 111.75 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
  (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A7.2-2 Sectional Properties of Girder 7 
Cross-Section Properties G7E & G7W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.600 
Total transformed area of the composite section, Ac 965 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 634,438 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.49 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
31.51 in 
Composite section modulus for the bottom, Sbc 15,292 in3 
Composite section modulus for the top, Stc 20,134 in3 
Weight of composite section 1.180 kip/ft 
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Table A7.3-1 Load values for Load stages 
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 18.10 398.2 5574.8 398.2 
2 18.90 415.8 5821.2 415.8 
3 24.40 536.8 7515.2 536.8 
4 31.23 687.0 9617.6 687.0 
5 32.27 709.9 9938.2 709.9 
6* 33.47 736.4 10308.9 736.4 
6(2) 36.20 506.8 9122.4 506.8 
7 40.57 567.9 10222.7 567.9 
8 43.40 607.6 10936.8 607.6 
9* 44.76 626.6 11278.6 626.6 
 ( * Load Stage of Failure ) 
 
Table A7.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
18.10 0 0 0 0 0.3 
18.90 0.3 0 0 0 0.3 
24.40 0.35 0 0 0 0.4 
31.23 0.5 0.1 0.15 0.1 0.75 
32.27 0.75 0.15 0.15 0.2 0.9 
33.47 >0.75 >0.15 >0.15 >0.20 >0.90 
36.20 0.75 0.7 0.15   
40.57 1 1 0.15   
43.40 1.2 1 0.25   
44.76 >1.2 >1.0 >0.25   
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Table A7.5-1 First Web Shear Cracking and STD prediction of G7E 
End: G7E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 12.5 
Cracking Load w (k/ft) 17.93 
Cracking Section Location from support  (in) 51.48 
Neutral axis of composite section Ycb (in) 41.49 
Measured crack angle Testθ  (deg) 32 
Cracking shear force at section TestV  (kips) 371.3 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 167 
Total prestress force ppepe AfF =  (kips) 1594.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 9.37 
Self-Weight Moment Md  (k-ft) 115.8 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1344.8 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 322.7 
Ratio of cwTest VV 1.15 
Concrete Cracking Strength 'ct ff 4=  (psi) 447.2 
tpcMohr ffcot +=θ 1  2.00 
Mohrθ (deg) 26.5 
Ratio of MohrTest θθ  1.21 
 
Table A7.5-2 Stirrup strains of East End (w = 33.47 kips/ft ) 
 S10 S11 S12 S13 S14 S15 S16 S17 
4 67 197 1361 1979 1724 974 166 -117 
3 -34 -27 1094 828 1506 3234 N/A -328 
2 N/A 1210 203 1153 1006 3581 2197 -374 
1 -140 473 328 284 1111 1544 4165 198 
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Table A7.5-3 Concrete strain gage locations at West end 
No X Y θ  No X Y θ  No X Y θ  
E1 11.1 22.0 46 E5 30.3 16.1 31 EB1 -9.7 2.9 0 
E2 21.7 22.3 35 E6 45.4 41.4 39 EB2 13.6 2.8 0 
E3 24.8 32.8 37 E7 55.8 42.2 30 EB3 33.1 2.8 0 
E4 28.5 21.2 32 E8 80.6 41.7 33     
Table A7.5-4 Concrete strains at East End under peak load 33.93 kips/ft (unit: sµ ) 
Gage E1 E2 E3 E4 E5 E6 E7 
Strain -973 -426 -3789 -1605 -1033 -613 -879 
Gage E8 EB1 EB2 EB3    
Strain -787 16 309 280    
 
Table A7.5-5 LRFD Shear Prediction for G7E  
 Prediction 
Concrete Strength 'cf   (ksi) 12.5 
External Load uw (k/ft) 30.69 
Critical Section (ft) 6.02 
Shear Force uV (kips) 582.5 
Moment uM (k-ft) 3924.6 
Effective prestress pef  (ksi) 167.0 
ed (in) 67.67 
vd (in) 60.9 
'
cfv  0.1275 
1000x ×ε  -0.0526 
β  2.78 
θ  24.2 
yf (ksi) 69.20 
sAv  (in2/in) 0.40/8 
cV (kips) 113.5 
sV (kips) 468.9 
pV (kips) 0 
psc VVVV ++= (kips) 582.4 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1141.9 
Nominal Shear nV (kips) 582.4 
Nominal Load nw (kips/ft) 30.69 
Error nun w/|ww| −  0 
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Table A7.5-6 STD Shear Prediction for G7E  
 STD Prediction 
Concrete Strength 'cf   (ksi) 12.5 
Test Load uw (k/ft) 33.47 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 722.3 
Moment due to test load uM (k-ft) 2515.3 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 167.0 
Total prestress force ppepe AfF =  (kips) 1594.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 9.37 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 5406.3 
b
d
d S
M
f =  (psi) 92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7626.4 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=   (kips) 2242.6 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 1338.6 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 321.9 
)V,Vmin(V cwcic = 321.9 
yf (ksi) 69.2 
sA v  (in
2/in) 0.40/8 
s
dfA
V yvs =  (kips) 234.1 
scn VVV +=   (kips) 556.0 
Nominal Load STDw (kips/ft) 25.77 
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Table A7.5-7 Capacity comparison of prediction and test result of G7E 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G7E 33.47 30.69 28.41 25.77 1.09 1.18 1.30 
 
Table A7.6-1 First Web Shear Cracking and STD prediction of G7W 
End: G7W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 12.5 
Cracking Load w (k/ft) 1890 
Cracking Section Location from support  (in) 45.24 
Neutral axis of composite section Ycb (in) 41.49 
Measured crack angle Testθ  (deg) 38 
Cracking shear force at section TestV  (kips) 401.3 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 167 
Total prestress force ppepe AfF =  (kips) 1594.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 9.37 
Self-Weight Moment Md  (k-ft) 102.7 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1341.1 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 322.2 
Ratio of cwTest VV 1.25 
Concrete Cracking Strength 'ct ff 4=  (psi) 447.2 
tpcMohr ffcot +=θ 1  2.00 
Mohrθ (deg) 26.6 
Ratio of MohrTest θθ  1.43 
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Table A7.6-2(a) Stirrup strains of West End (w = 33.47 kips/ft) 
 S1 S2 S3 S4 S5 S6 S7 S8 S9 
4 -285 N/A 1267 1747 N/A 43 46 63 693 
3 -273 1809 783 3628 1584 279 1586 1734 41 
2 -386 N/A 2101 3491 1513 8308 615 169 556 
1 -521 4032 1981 665 434 600 587 N/A -226 
 
Table A7.6-2(b) Stirrup strains of West End (w = 44.76 kips/ft) 
 S3 S4 S5 S6 S7 S8 S9 
4 2383 6015 N/A 5975 496 2483 802 
3 1698 6451 6570 1757 2357 9184 216 
2 2143 5873 5129 8270 926 956 1214 
1 4006 2800 N/A 942 1094 N/A -59 
 
Table A7.6-3 Concrete strain gage locations at West end  
No X Y θ  No X Y θ  No X Y θ  
W1 13.5 22.0 42 W7 -3.5 50.0 56 WB1 -6.5 3.5 0
W2 30.0 21.0 45 W8 6.0 46.5 56 WB2 7.0 3.5 0
W3 29.5 31.5 35 W9 17.0 43.0 54 WB3 24.0 3.5 0
W4 62.0 43.5 0 W10 200.4 41.3 0 WB4 184.1 2.6 0
W5 62.0 43.5 90 W11 200.4 41.3 90 WB5 204.1 2.5 0
W6 62.0 43.5 45 W12 200.4 41.3 45  
 
Table A7.6-4 Concrete surface strains at G7W before test(µε ) 
Release(06/17/04) Gage Release(06/17/04)Gage 
before After 
07/21/04
 Before After 
07/21/0
4 
W1 0 -358 -476 W7 0 20 1 
W2 0 -263 - W8 0 123 - 
W3 0 -315 -939 W9 0 47 0 
W4 0 -338 -293 WB1 0 -146 -289 
W5 0 66 106 WB2 0 -861 -916 
W6 0 -101 -111 WB3 0 -1070 -1247 
 
Table A7.6-5 (a) Concrete strains of West End under failure load 33.47 kips/ft (Unit: sµ ) 
Gage W1 W3 W7 W8 W9 WB1 WB2 WB3 
Strain -978 -553 -45 -1769 -498 43 322 232 
 
Table A7.6-5(b) Concrete strains of West End under failure load 44.76 kips/ft (Unit: sµ ) 
Gage W4 W5 W6 W10 W11 W12 
Strain -955 -337 -783 -337 -104 92 
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Table A7.6-6 LRFD Shear Prediction for G7W  
 Prediction 
Concrete Strength 'cf   (ksi) 12.5 
External Load uw (k/ft) 41.60 
Critical Section (ft) 6.02 
Shear Force uV (kips) 582.5 
Moment uM (k-ft) 3506.1 
Effective prestress pef  (ksi) 167.0 
ed (in) 67.67 
vd (in) 60.9 
'
cfv  0.1275 
1000x ×ε  -0.067 
β  2.78 
θ  24.2 
yf (ksi) 69.20 
sAv  (in2/in) 0.40/8 
cV (kips) 113.5 
sV (kips) 468.9 
pV (kips) 0 
psc VVVV ++= (kips) 582.4 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1141.9 
Nominal Shear nV (kips) 582.4 
Nominal Load nw (kips/ft) 41.60 
Error nun w/|ww| −  0 
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Table A7.6-7 STD Shear Prediction for G7W  
STD Prediction 
Concrete Strength 'cf   (ksi) 12.5 
Test Load uw (k/ft) 44.76 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 626.6 
Moment due to test load uM (k-ft) 2143.1 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 9.548 
Effective prestress pef  (ksi) 167.0 
Total prestress force ppepe AfF =  (kips) 1594.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 9.37 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
5406.3 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7626.4 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 2282.6 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1338.6 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 321.9 
)V,Vmin(V cwcic = 321.9 
yf (ksi) 69.2 
sA v  (in
2/in) 0.40/8 
s
dfA
V yvs =  (kips) 234.1 
scn VVV +=   (kips) 556.0 
Nominal Load STDw (kips/ft) 39.72 
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Table A7.6-8 Capacity comparison of prediction and test result of G7W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G7W 44.76 41.60 37.51 39.72 1.08 1.19 1.13 
 
         
Table A7.6-9 LRFD Shear Prediction for G7W2 
 Prediction 
Concrete Strength 'cf   (ksi) 12.5 
External Load uw (k/ft) 33.29 
Critical Section (ft) 9.78 
Shear Force uV (kips) 466.1 
Moment uM (k-ft) 4558.1 
Effective prestress pef  (ksi) 167.0 
ed (in) 67.67 
vd (in) 60.90 
'
cfv  0.102 
1000x ×ε  -0.05 
β  2.87 
θ  23.7 
yf (ksi) 69.0(#4), 74.5(#3) 
sAv  (in2/in) 0.40/8, 0.22/23 
cV (kips) 117.2 
sV (kips) 348.6 
pV (kips) 0 
psc VVVV ++= (kips) 465.8 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1141.9 
Nominal Shear nV (kips) 465.8 
Nominal Load nw (kips/ft) 33.27 
Error nun w/|ww| −  0.06% 
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Table A7.6-10 STD Shear Prediction for G7W2  
STD Prediction 
Concrete Strength 'cf   (ksi) 12.5 
Test Load uw (k/ft) 44.76 
Critical Section (ft) 7.04 
d (in) 67.67 
Shear Force due to test load uV (kips) 626.6 
Moment due to test load uM (k-ft) 4411.6 
Shear Force due to Self-weight dV (kips) 21.19 
Moment due to Self-Weight dM (k-ft) 178.4 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 9.548 
Effective prestress pef  (ksi) 167.0 
Total prestress force ppepe AfF =  (kips) 1594.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 9.37 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
5406.3 
b
d
d S
M
f =  (psi)
175.2 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7520.8 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1116.7 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1362.8 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 324.9 
)V,Vmin(V cwcic = 324.9 
yf (ksi) 69.2 
sA v  (in
2/in) 0.40/8 
s
dfA
V yvs =  (kips) 234.1 
scn VVV +=   (kips) 559.0 
Nominal Load STDw (kips/ft) 39.93 
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Table A7.6-11 Capacity comparison of prediction and test result of G7W2 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G7W2 44.76 33.27 34.17 39.93 1.35 1.31 1.12 
 
Table A7.6-12 LRFD Shear Prediction for G7FS 
 Cell 1 Cell 2 Prediction 
Concrete Strength 'cf   (ksi) 12.5 12.5 12.5 
External Load uw (k/ft) 32.14 32.20 32.18 
Critical Section (ft) 18.34 17.62 17.72 
Shear Force uV (kips) 214.1 237.6 234.3 
Moment uM (k-ft) 7386.5 7237.5 7256.6 
Effective prestress pef  (ksi) 167.0 167.0 167.0 
ed (in) 67.67 67.67 67.67 
vd (in) 60.90 60.90 60.90 
'
cfv  0.0469 0.052 0.0513 
1000x ×ε  0.00097 -0.00581 -0.005 
β  3.75 3.24 3.32 
θ  21.8 24.3 23.9 
yf (ksi) 74.5 74.5 74.5 
sAv  (in2/in) 0.22/23 0.22/23 0.22/23 
cV (kips) 153.1 132.3 135.4 
sV (kips) 108.5 96.1 97.8 
pV (kips) 0 0 0 
psc VVVV ++= (kips) 261.6 228.4 233.2 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1141.9 1141.9 1141.9 
Nominal Shear nV (kips) 261.6 228.4 233.2 
Nominal Load nw (kips/ft) 39.28 30.95 32.04 
Error nun w/|ww| −  18% 4% 0.4% 
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Table A7.6-13 STD Shear Prediction for G7FS  
STD Prediction 
Concrete Strength 'cf   (ksi) 12.5 
Test Load uw (k/ft) 44.76 
Critical Section (ft) 15.04 
d (in) 67.67 
Shear Force due to test load uV (kips) 445.8 
Moment due to test load uM (k-ft) 9059.4 
Shear Force due to Self-weight dV (kips) 11.75 
Moment due to Self-Weight dM (k-ft) 310.2 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 9.548 
Effective prestress pef  (ksi) 167.0 
Total prestress force ppepe AfF =  (kips) 1594.5 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 9.37 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
5406.3 
b
d
d S
M
f =  (psi)
304.5 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7355.9 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 401.0 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1400.5 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 329.5 
)V,Vmin(V cwcic = 329.5 
yf (ksi) 74.5 
sA v  (in
2/in) 0.22/23 
s
dfA
V yvs =  (kips) 48.2 
scn VVV +=   (kips) 377.7 
Nominal Load STDw (kips/ft) 37.92 
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Table A7.6-14 Capacity comparison of prediction and test result of G7FS 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G7FS 44.76 32.04 40.54 37.92 1.40 1.10 1.18 
 
Table A7.7-1 Loadings for Zurich reading 
Loading  (kips/ft) 0 31.23 36.20 40.57 43.40
Zurich Stage  1,2 3 4 5 6 
 
Table A7.8-1(a) Bulb surface strain of G7W 
G7W Strain(µε ) 
Release(06/17/04) 
Number 
Before After 07/21/04 
1-3 0 -356 -506 
2-4 0 -623 -811 
3-5 0 -814 N/A 
4-6 0 -1017 -1234 
5-7 0 -1013 N/A 
6-8 0 -1052 -1338 
7-9 0 -1084 -1338 
8-10 0 -1090 -1344 
9-11 0 -1105 -1423 
10-12 0 -1056 -1412 
11-13 0 -1019 -1291 
12-14 0 -1050 -1371 
Table A7.8-1(b) Bulb surface strain of G7M 
G7M Strain(µε ) 
Release(06/17/04) 
Number 
Before After 07/21/04 
C1-C3 0 -949 -1185 
C2-C4 0 -953 -1179 
C3-C5 0 -1012 -1269 
C4-C6 0 -974 -1235 
C5-C7 0 -975 -1247 
C6-C8 0 -1013 -1295 
C7-C9 0 -1026 -1324 
C8-C10 0 -990 -1239 
C9-C11 0 -979 -1243 
C10-C12 0 -963 -1237 
C11-C13 0 -989 -1233 
Average 0 -984 -1244 
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Table A7.8-1(c) Bulb surface strain of G7E 
G7E Strain(µε ) 
Release(06/17/04) 
Number 
Before After 07/21/04 
1-3 0 -317 -360 
2-4 0 -580 -657 
3-5 0 -832 -956 
4-6 0 -1023 -1195 
5-7 0 -1058 N/A 
6-8 0 -1068 -1331 
7-9 0 -1051 -1307 
8-10 0 -1016 -1280 
9-11 0 -1047 -1315 
10-12 0 -1019 -1255 
11-13 0 -1016 -1280 
12-14 0 -929 -1246 
 
Table A7.8-2 Strain gage location in confinement cage 
Gage Number 1 2 3 4 5 6 7 8 9 10 
Distance from the end(in) 10 20 30 40 7 22 32 7 22 32 
 
 
Table A7.8-3 Strains in Confinement Cages (µε ) 
G7E G7W 
Release(06/17/04) Release(06/17/04) Gage 
before After 
Gage 
before After 
1 0 -663 1 0 -489
2 0 -1154 2 0 -783
3 0 -1080 3 0 -1077
4 0 -1162 4 0 -1154
5 0 326 5 0 228
6 0 529 6 0 352
7 0 352 7 0 350
8 0 480 8 0 511
9 0 698 9 0 830
10 0 333 10 0 364
 
Table A7.8-4 Strains in the first gaged stirrup 
G7E G7W 
Release(06/17/06) Release(06/17/04) Gage 
before After 
Gage 
before After 
1 0 775 1 0 579 
2 0 56 2 0 139 
3 0 266 3 0 83 
4 0 45 4 0 34 
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Table A7.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G7E & G7W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  11.9 ksi 
Concrete strength at 28 days, 'cf  14.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 6,613 ksi  
Modulus of elasticity of Girder  7,173 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #3 : 74.5 ksi 
#4 : 69.2 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A7.9-2 Sectional properties of Girder 7 (Design Value) 
Cross-Section Properties G7E & G7W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.598 
Total transformed area of the composite section, Ac 964 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 633,724 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.46 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
31.54 in 
Composite section modulus for the bottom, Sbc 15,284 in3 
Composite section modulus for the top, Stc 20,094 in3 
Weight of composite section 1.180 kip/ft 
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Table A7.9-3 Prestress losses along the Girder 7 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 
pESf∆ (ksi) 21.48 21.34 21.15 21.02 20.94 20.91 20.94 21.02 21.15 21.34 21.48 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 59.69 59.16 58.45 57.94 57.63 57.53 57.63 57.94 58.45 59.16 59.69 
2pRf∆ (ksi) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 pTf∆  (ksi) 87.67 87.00 86.10 85.46 85.07 84.94 85.07 85.46 86.10 87.00 87.67 
pef (ksi) 114.8 115.5 116.4 117.0 117.4 117.6 117.4 117.0 116.4 115.5 114.8 
 
Table A7.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -5.81 -5.76 -5.71 -5.67 -5.64 -5.63 -5.64 -5.67 -5.71 -5.76 -5.81
tf (ksi) 0.83 0.78 0.72 0.68 0.65 0.65 0.65 0.68 0.72 0.78 0.83
1.2T(kips) 139.9 129.3 115.1 105.1 99.1 97.1 99.1 105.1 115.1 129.3 139.9
 
Table A7.9-5 Flexural Strength of Girder 7 ( kips/ft 06.32w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 3606.8 6412.0 8415.8 9618.0 10018.8 9618.0 8415.8 6412.0 3606.8 
c (in) 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 
ed (in) 65.18 65.18 65.18 65.18 65.18 65.18 65.18 65.18 65.18 
ed/c  0.176 0.176 0.176 0.176 0.176 0.176 0.176 0.176 0.176 
psf (ksi) 256.7 256.7 256.7 256.7 256.7 256.7 256.7 256.7 256.7 
nM (k-ft) 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 
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Table A7.9-6 Shear Design of Girder 7 ( ksi 4.116fpe = ) 
 G7W G7E 
X (ft) 6.41 
(6.41) 
17.52 
(17.52) 
25.00 
(25.00) 
33.76 
(16.24) 
43.84 
(6.16) 
uw (k/ft) 28.57 28.57 32.06 32.06 32.06 
uV (kips) 531.12 213.70 0.0 280.8 604.0 
uM (k-ft) 3991.4 8128.87 10018.8 8788.7 4329.0 
ed (in) 67.67 67.67 67.67 67.67 67.67 
vd (in) 60.90 60.90 60.90 60.90 60.90 
'
cfv  0.104 0.042 0.000 0.055 0.118 
1000x ×ε  -0.0505 0.1782 0.4843 0.4766 -0.0301 
β  2.94 2.94 2.59 2.59 2.87 
θ  22.8 26.6 30.5 30.5 23.7 
θcotd v (in) 144.88 121.61 103.39 103.39 138.73 
cV (kips) 127.02 127.02 111.90 111.90 123.99 
pV (kips) 0 0 0 0 0 
reqsV , (kips) 404.10 86.69 0.00 168.95 480.02 
yf (ksi) 74.5 74.5 69.2 69.2 69.2 
reqv )sA( (in2/in) 0.03744 0.00957 0.00000 0.02361 0.05000 
Max space s 24 24 24 24 24 
Min sAv  0.00952 0.00952 0.00000 0.01025 0.01025 
vA  (
2in ) 0.3715 0.22 0.4 0.4 0.4 
s (in) 8 23 24 12 8 
sAv  (in2/in) 0.04644 0.00957 0.0167 0.0333 0.0500 
cV (kips) 127.02 127.02 111.90 111.90 123.99 
sV (kips) 501.26 86.66 119.24 238.48 480.02 
pV (kips) 0 0 0 0 0 
nV (kips) 628.28 213.68 231.14 350.38 604.01 
nw (kips/ft) 33.80 28.57 - 40.00 32.06 
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Total Length = 52 ft
42 straight bottom strands + 2 straight top strands
midspan21 - #3 G7 Bars @5” = 8’ 4”2” 2”
12 - #4 G2 Bars @8” = 7’ 8”
2 Spacing @24”= 4’ 8 Spacing @12”= 8’ 18 Spacing @8”= 12’
3 - #4 G2 Bars @16” = 4’ 12 - #4 G2 Bars @8” = 7’ 8”3 - #4 G2 Bars @16” = 4’
21 - #3 G7 Bars @5” = 8’ 4”
#4 G1 Bars
6 - #3 G12 Bars @23”= 11’-6"
18 Spacing @8”= 12’#4 G1 Bars 30”
EXPECTED FLEXURE-SHEAR CRACK ZONE
 
Figure A7.1-1 Elevation of Girder 7 Showing Reinforcement 
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       (a) End Region                    (b) Flexure-Shear Region                (c) Strand Pattern 
Figure A7.1-2 Details of Reinforcement of Girder 7 
 
Span Length = 50 ft
Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A7.3-1 Loading Pattern of East End Test (G7E) 
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Figure A7.3-2 Loading history of East End Test (G7E) 
 
Span Length = 50 ft
Total Length = 52 ft
11 ft 28 ft 11 ft
 
Figure A7.3-3 Loading Pattern of West End Test (G7W)  
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Figure A7.3-4 Loading history of West End Test (G7W) 
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       West End                                                           Midspan                                                                   East End 
 
(a) Load Stage 1 (Load: 18.10 kips/ft) 
 
(b) Load Stage 2  (Load: 18.90 kips/ft) 
 
(c) Load Stage 3  (Load: 24.40 kips/ft) 
 
(d) Load Stage 4  (Load: 31.23 kips/ft) 
 
(e) Load Stage 5  (Load: 32.27 kips/ft) 
 
(f) Load Stage 6 (Load: 33.47 kips/ft) 
 
(g) Load Stage 6(2) (Load: 36.20 kips/ft) 
 
(h) Load Stage 7 (Load: 40.57 kips/ft) 
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(i) Load Stage 8 (Load: 43.40 kips/ft) 
 
(j) Load Stage 9 (Load: 44.76 kips/ft) 
 
Figure A7.4-1 Crack patterns of Girder 7 
 
Figure A7.4-2 Diagonal Cracking of G7E in Load Stage 1 
 A7-48
 
Figure A7.4-3 Diagonal Cracking of G7W in Load Stage 2 
  
Figure A7.4-4 Diagonal Cracking of Girder 7 in Load Stage 3 
   
Figure A7.4-5 Diagonal Cracking of Girder 7 in Load Stage 4 
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Figure A7.4-6 Diagonal Cracking of Girder 7 in Load Stage 5 
 
 
Figure A7.4-7 Repair of West End of Girder 7 
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Figure A7.4-8 Anchorage at West End of Girder 7 
 
 
Figure A7.4-9 Repair of East End of Girder 7 
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Figure A7.4-10 Cracks in transition zone in Load Stage 8  
 
 
Figure A7.4-11 Failure of West End of Girder 7 
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Figure A7.4-12 Diaphragm separated from the web 
 
63.48 in
centroid
 
Figure A7.5-1 Location of first cracks for East End (G7E) 
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Figure A7.5-2 Crack Angle Distribution at G7E 
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Figure A7.5-3 Shear Force versus Shear Strain Curve of East End Region (G7E) 
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Figure A7.5-4 Strains of Shear Reinforcements of East End (G7E) 
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Figure A7.5-5 Concrete Strain Gages at East End 
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Figure A7.5-6 Concrete strains at East End 
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Figure A7.5-7 Vertical Deflections of East End Test 
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Figure A7.5-8 Longitudinal Strains of East End Test 
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(b) 
Figure A7.5-9 Reinforcement Strains in Bottom Cage of G7E 
 
   
 
G7E: :   f΄c = 12.5 ksi; 2-#4@8, ρvfy = 557 psi; w = 33.47 kips/ft; R = 736.3 kips 
Figure A7.5-10 Failure Mode of G7E 
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Figure A7.6-1 Location of first cracks for East End (G7W) 
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Figure A7.6-2 Crack Angle Distribution at G7W  
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Figure A7.6-3 Shear Force versus Shear Strain Curve of West End Test (G7W) 
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Figure A7.6-4 Strains of Shear Reinforcements of West End (G7W) 
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Figure A7.6-5 Concrete Strain Gages at West End 
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Figure A7.6-6 Concrete strains at West End 
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Figure A7.6-7 Vertical deflections of the West End Test 
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Figure A7.6-8 Longitudinal strains of West End Test 
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(b) 
Figure A7.6-9 Reinforcement Strains in Bottom Cage of G7W 
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G7W: f΄c = 12.5 ksi; 2-#4@8, ρvfy = 557(119) psi; w = 44.76 kips/ft; R = 626.5 kips 
Figure A7.6-10 Failure Mode of G7W 
 
 
 
Figure A7.7-1 Target Numbers and Locations 
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0.07 -0.17 -0.00 -0.10 0.19 0.17 0.03
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0.07 0.06 0.08 0.15 0.28 0.57 0.67
0.06 -0.01 0.08 -0.07 0.03 -0.05 0.21
0.00 0.00 0.00 2.28 0.01 -0.01 -0.02
-0.10 -0.11 -0.01 -0.06 3.94 -0.08 -0.03 0.30
0.08 0.08 0.13 0.08 3.37 0.06 0.38
0.13 0.17 0.19 -0.40 0.68 0.10 0.14
0.07 0.05 0.02 0.06 -2.25 0.08 0.01
-0.10 -0.05 -0.06 -0.08 -3.76 -0.02 -0.04 -0.09
0.17 0.12 0.17 -2.93 0.15 0.11 0.10
0.18 0.22 0.16 0.13 0.22 0.11 0.10  
 
Col = 47 Col = 48 Col = 49 Col = 50 Col = 51 Col = 52 Col = 53 Col = 54 Col = 55 Col = 56 Col = 57 Col = 58 Col = 59 Col = 60 Col = 61 Col = 62
0.24 -0.09 -0.11 0.02 0.35 -0.08 0.08 -0.01 0.06 -0.03 0.19 -0.17 0.05 -0.05 -0.01 0.03
-0.18 -0.09 -0.15 -0.16 -0.31 -0.21 -0.13 -0.17 -0.20 -0.24 -0.18 -0.22 -0.20 -0.27 -0.22 -0.08
0.27 0.40 0.61 0.46 0.34 0.51 0.43 0.69 0.54 0.35 0.16 0.22 -0.10 -0.11 -0.24 -0.10 -0.18
0.92 0.75 0.82 0.87 1.03 0.91 0.91 1.22 1.03 0.81 0.62 -0.26 0.36 0.07 -0.17 0.11
0.17 -0.13 0.01 0.11 0.20 -0.01 -0.04 0.10 0.22 0.28 0.23 0.00 0.02 -0.22 0.12 0.07
-0.15 -0.04 -0.07 -0.12 -0.13 -0.13 -0.14 -0.23 -0.34 -0.28 -0.29 -0.41 -0.25 -0.24 -0.20 -0.11
0.15 0.21 0.16 0.35 0.38 0.55 0.51 0.19 0.45 0.36 0.28 0.47 0.22 -0.15 -0.14 -0.17 -0.02
0.70 0.42 0.58 0.81 1.02 0.89 0.80 0.77 1.25 1.21 0.91 1.25 0.82 0.03 0.06 -0.06
0.19 -0.06 0.06 -0.04 0.12 -0.03 0.10 -0.17 0.16 0.26 -0.21 0.70 0.15 -0.15 -0.01 0.09
-0.00 0.00 -0.06 -0.05 -0.03 0.07 -0.02 -0.09 -0.17 -0.16 -0.35 -0.45 -0.06 -0.28 -0.32 -0.16
0.30 0.40 0.13 0.17 0.22 0.25 0.39 0.56 0.21 0.74 0.86 0.18 0.55 0.34 -0.16 -0.14 -0.06
0.67 0.65 0.40 0.42 0.62 0.64 0.90 0.64 0.95 1.51 1.22 1.17 1.67 0.61 0.10 -0.05
0.11 0.22 0.17 0.06 0.23 0.01 0.04 0.17 -0.15 -0.01 0.28 -0.10 0.82 0.17 -0.03 -0.10
0.02 0.01 0.03 0.01 -0.10 -0.05 -0.06 -0.12 -0.07 -0.14 -0.13 -0.27 -0.43 -0.91 -0.73 -0.36
-0.09 -0.03 0.18 0.27 0.10 0.19 0.30 0.26 0.31 0.23 0.26 0.55 0.27 0.19 0.04 -0.20 -0.09
0.14 0.43 0.52 0.42 0.58 0.27 0.56 0.63 0.44 0.79 1.01 0.92 1.62 1.55 1.02 0.37
0.16 0.14 0.17 0.17 0.15 0.12 0.09 0.15 0.04 0.13 -0.10 -0.06 0.02 0.03 0.46 0.20  
Figure A7.7-2 Deformation of Zurich Grid at East Half of Girder 7 (Unit: mm, w = 31.23 kips/ft) 
 A7-65
Col = 1 Col = 2 Col = 3 Col = 4 Col = 5 Col = 6 Col = 7 Col = 8 Col = 9 Col = 10 Col = 11 Col = 12 Col = 13 Col = 14 Col = 15 Col = 16
-0.07 -0.08 0.04 0.11 -0.06 -0.03 -0.02 0.17 -0.14
1.13 1.53 1.79 1.52 1.95 2.33 2.26 2.79 1.36
0.68 1.04 1.18 1.34 1.02 1.57 1.80 1.72 1.73 0.92
0.01 0.13 0.06 0.04 0.00 0.17 0.18 -0.08 0.44
0.08 0.13 0.06 -0.07 0.19 0.19 0.01 0.12 -0.17
2.09 2.17 2.36 2.29 2.72 2.63 2.50 2.00 1.55
0.93 1.38 1.58 1.85 1.90 1.63 1.86 2.13 0.88 1.69
-0.13 0.14 0.16 0.31 0.15 0.20 0.45 0.18 0.40
0.28 0.10 0.05 -0.02 0.12 0.23 0.03 -0.28 0.24
2.81 2.70 2.25 2.03 2.17 2.18 1.39 1.25 1.59
2.57 1.73 1.93 1.58 1.47 1.36 1.07 0.50 1.19 0.86
0.38 0.15 0.31 0.28 0.13 -0.03 -0.08 0.03 0.23
-0.13 0.07 -0.07 0.18 0.00 0.21 0.05 -0.01 -0.02
1.45 1.82 1.36 1.43 1.48 1.37 0.96 0.94 1.37
0.84 1.47 1.06 1.00 0.94 0.78 0.59 0.52 0.19 0.87
0.30 0.02 0.04 0.21 0.06 0.04 0.20 -0.10 0.06
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1.84 1.11 2.44 2.03 1.70 0.81 0.80 0.66 1.08 1.25 0.63 0.28 0.24 0.18 0.16
0.92 1.12 0.96 1.64 1.62 0.65 0.60 -0.10 0.51 0.82 0.71 0.25 -0.13 0.07 -0.04 -0.05
-0.33 0.22 -0.27 0.36 0.05 0.08 -0.17 -0.11 -0.04 0.13 0.04 -0.06 -0.08 -0.01 -0.06
0.08 -0.13 0.29 0.15 -0.20 -0.08 0.11 0.59 0.21 0.05 0.02 -0.00 0.22 0.13 0.20
2.55 1.78 1.78 0.53 0.66 1.25 1.78 1.50 1.21 0.50 0.27 0.66 0.64 0.12 0.33
1.69 1.71 1.82 0.30 -0.07 0.43 0.97 1.40 0.55 0.47 -0.13 0.07 0.25 0.01 -0.08 -0.13
0.10 0.63 -0.02 -0.14 -0.07 0.12 0.25 0.52 -0.09 -0.02 -0.00 0.01 0.03 -0.03 0.11
0.09 0.02 -0.12 -0.00 0.29 0.25 0.40 0.08 0.32 -0.06 0.15 0.34 0.17 0.11 0.33
0.78 1.36 1.23 1.98 2.62 1.64 1.54 0.78 1.08 0.70 1.01 0.63 0.32 0.16 0.43
0.86 -0.17 1.04 0.92 1.77 1.64 0.77 0.49 0.50 0.13 0.31 0.22 -0.11 -0.16 -0.08 -0.19
-0.11 -0.12 0.35 0.27 0.55 0.32 -0.02 0.25 0.02 0.12 0.00 0.00 0.14 -0.02 0.13
-0.02 0.47 0.01 0.32 0.37 0.06 0.41 0.08 0.39 0.36 0.39 0.11 0.38 0.24 0.36
1.28 2.31 1.09 2.00 1.38 0.74 0.99 0.63 0.94 0.63 0.44 0.36 0.49 0.24 0.35
0.87 1.13 0.82 0.99 0.64 0.27 0.40 -0.02 0.12 0.11 -0.13 -0.20 -0.01 -0.09 -0.16 -0.18
0.31 -0.05 0.49 0.08 0.05 0.19 0.06 0.11 0.08 0.02 0.03 0.06 0.07 0.08 0.16
0.05 0.35 0.16 0.57 0.32 0.18 0.41 0.34 0.57 0.27 0.45 0.49 0.47 0.28 0.44  
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0.03 -0.07 -0.04 -0.07 -0.09 -0.11 -0.12 -0.17 -0.21 -0.20 -0.20 -0.20 -0.29 -0.25 -0.16
-0.05 -0.10 -0.04 -0.04 0.03 0.01 0.14 0.05 -0.11 -0.02 0.14 0.28 0.45 0.23 0.17 0.23
-0.03 0.13 0.12 0.06 0.31 0.25 0.50 0.24 0.03 0.20 0.70 0.75 0.76 0.72 0.42
-0.04 0.10 0.17 0.03 0.19 0.04 0.22 0.07 -0.02 -0.12 0.04 -0.15 0.18 0.14 -0.07
0.05 0.11 -0.02 0.03 0.01 -0.04 -0.07 -0.08 -0.06 -0.12 -0.11 -0.07 -0.17 -0.16 -0.21
-0.13 -0.11 -0.09 0.08 -0.10 0.11 -0.10 0.19 0.23 0.17 -0.11 0.17 0.26 0.26 0.60 0.13
-0.01 0.19 0.33 0.37 0.37 0.48 0.44 0.77 0.58 0.34 0.39 0.50 0.79 0.82 0.96
-0.04 0.30 0.07 0.46 0.07 0.35 0.02 0.12 0.26 0.22 0.02 -0.13 0.16 -0.09 0.26
0.14 0.24 0.12 0.20 0.04 0.05 0.05 0.05 0.02 0.04 0.02 2.22 0.02 0.04 -0.05
-0.19 -0.21 -0.13 -0.17 0.08 0.03 0.12 -0.08 0.06 0.10 0.33 0.11 3.71 0.31 0.17 0.33
0.03 0.25 0.08 0.49 0.45 0.70 0.44 0.43 0.69 0.77 0.64 0.36 3.79 0.49 0.93
0.21 0.32 0.25 0.30 0.23 0.32 0.43 0.13 0.30 0.25 0.18 -0.34 0.65 0.11 0.06
0.34 0.33 0.25 0.19 0.11 0.11 0.12 0.07 0.07 0.05 0.02 0.11 -2.17 0.03 -0.00
-0.18 -0.18 -0.11 -0.11 -0.10 -0.11 -0.07 0.13 0.02 0.22 0.23 0.17 -3.33 0.14 0.15 0.30
0.19 0.29 0.16 0.30 0.67 0.48 0.64 0.62 0.71 0.85 0.88 -2.14 0.70 0.67 0.55
0.46 0.45 0.50 0.28 0.35 0.44 0.37 0.46 0.30 0.35 0.38 0.25 0.36 0.20 0.08  
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Figure A7.7-3 Deformation of Zurich Grid of Girder 7 (Unit: mm, w = 43.40 kips/ft)
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Figure A7.8-1 Surface strain of Girder 7 
 
Figure A7.8-2 Strain gages in confinement cage 
 
Figure A7.8-3 Gaged Stirrup 
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Figure A7.9-1 Cross-Sectional Dimensions of Girder 7 
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Figure A7.9-2 Loading set-up 
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Figure A7.9-3 Tendon Profile of Girder 7 
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Figure A7.9-4 Flexural Strength of Girder 7 
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Figure A7.9-5 Shear Design of Girder 7 
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A8 Presentation of Experimental Results for Girder 8 
 
A8.1 Introduction 
The objective of the tests on Girder 8 were to investigate the contribution of “interface shear 
transfer” to shear capacity and the behavior of a beam regions failing due to distributed diagonal 
compression of a high-strength concrete girder designed for a moderate level of shear stress. 
Girder 8 was designed for a shear stress of 1.68 ksi at the first critical shear section from each 
support and was cast with a specified concrete compressive strength of 14 ksi for the precast 
girder.  The same size and spacing for the shear reinforcement was used in both halves of the 
girder and this reinforcement consisted of #4 doubled legged deformed bars at 8 inch spacing in 
the high shear stress design regions. A slip plane with a angle of 30 degree was introduced into 
the shear critical region near the West end of the girder to examine the contribution of interface 
shear transfer.  This slip plane consisted of two aluminum sheets pressed against each other. The 
length of the plane was 81.5 inches and it was continuous past 9 stirrups (#4, double-legged) in 
the shear region. A total of 44 0.6-inch diameter straight strands were used, 42 strands on the 
bottom bulb and two strands in the top flange. Figures A8.1-1, A8.1-2 and A8.1-3 show the 
cross-sectional dimensions, the reinforcement layout, and the slip plate details for the girder. 
Girder 8 was designed to satisfy the requirements of the AASHTO LRFD Bridge Design 
Specifications 2nd Edition with 2001 Revisions. A design summary is provided in Section A8.9. 
A8.2 Measured Material Properties and Cross-Sectional Properties 
Girder 8 was cast on 06/14/2004 and the strands were released on 06/17/2004. The girder 
was loaded until the West end failed on 01/13/2005 and re-loaded until the East end failed on 
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02/24/2005. The measured cylinder compressive strength at time of test was 13.3 ksi. Table 
A8.2-1 summarizes the measured material properties. Table A8.2-2 presents the properties of the 
girder cross section.  The composite section properties were computed based on the transformed 
slab width and using the calculated modulus of elasticity of the precast girder. 
A8.3 Loading History 
Girder 8 was loaded on three occasions under different loading patterns. The first two 
loading sequences were applied on January 12 and January 13, 2005 and were to examine the 
capacity of the West end of the girder in which the slip plane was located. Upon signs that a 
failure in the West end was imminent, the girder was unloaded to improve the chances of being 
able to successfully obtain a failure at the East End.  The girder was repaired, strengthened and 
then reloaded until an East end failure was achieved.  Strengthening consisted of adding a 
diaphragm to both ends of the girder.  A longer diaphragm with vertical post-tensioning was 
added to the West end in order to prevent failure in the West half of the girder. A 5-foot long 
diaphragm, transversely post-tensioned to the East end of the girder, was added to prevent an 
East end region failure and thereby drive the failure from the D-region of the end into the B-
region of the girder. The strands at both the East and West ends were externally anchored using 
end chucks that pressed against a steel plate bearing on the end of the girder. Girder 8 was 
reloaded on February 24, 2005 until a B-region failure in the East end was achieved. 
 A8.3.1 Test Load for West End (G8W)  
Girder 8 was loaded initially with 44 jacks distributed over the central 44 feet of the span, 
as shown in Figure A8.3- 1(a). This was the typical loading pattern used for most girder tests. 
During the first day of testing the load was increased up to 27.90 kips/ft.  At the end of the first 
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day of testing the girder was unloaded. Girder 8 was then reloaded on the second day, January 13, 
2005 with 10 jacks removed from the East End in order to guard against an East End failure. 
Figure A8.3-1(b) shows that loading pattern. The load was increased until at 32.70 kips/ft there 
was a splitting failure about to occur along the intersection between the bottom bulb and the 
bottom of the web. Figure A8.3-1 shows the complete loading history for the West End test. A 
total of seven load stages were used as noted on Figure A8.3-2. 
A8.3.2 Test Load for East End (G8E)  
After Girder 8 was strengthened at both ends, it was reloaded to obtain a B-region failure 
at the East end on February 24, 2005. A total of 10 jacks on the West End and six jacks on the 
East end were shut off in this loading cycle so that the loading pattern was as shown in Figure 
A8.3-3.  At a loading of 43.73 kips/ft, an extensive failure occurred in the B-Region that was a 
combination of diagonal crushing and shear slip. Figure A8.3-4 shows the loading history for the 
East end Test. A total of five additional load stages were used in the East end test as indicated on 
Figure A8.3-4.  
A8.3.3 Loading Stages 
As identified on the loading history curves, a total of 12 loading stages were taken over 
the duration of the test. Table A8.3-1 lists the maximum load value for each load stage. Also 
listed in the Table A8.3-1 are the reaction forces RWest at the West support and REast at the East 
support, as well the mid-span moment MMid corresponding to that stage loading level. 
A8.4 Behavior of Girder 8 
Figure A8.4-1 presents the development of cracking as measured by the crack pattern that 
were recorded at each load stage. Beneath each crack diagram is reported the associated 
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maximum load value. Table A8.4-1 presents a summary of the development of cracking. For 
each load stage the maximum crack widths are presented for the web-shear zone (WS) and the 
flexure-shear zone (FS) of both ends as well as the flexure cracks (F) in the bottom bulb. The 
crack widths are given in the measured units of mm. A description is now provided of the 
observed behavior of the girder at each load stage. 
(1) Load Stage 1 (w = 14.71 kips/ft) 
The first diagonal cracks occurred at the East end at the load of 14.50 kips/ft and at crack 
angles of about 36 o. The maximum crack width at this stage was 0.20 mm. There were some 
small cracks that also extended from the both tips of the slip plate at the West end. Figure A8.4-2 
shows the diagonal cracking at both ends at this load stage. 
 (2) Load Stage 2 (w = 18.20 kips/ft) 
Additional cracking occurred at the East end and the maximum crack width at that end 
reached 0.35mm.  At load of 15.71 kips/ft, a big crack occurred parallel to the plate on the West 
end with crack width of 0.30 mm. Figure A8.4-3 presents the state of cracking in load stage 2. 
 (3) Load Stage 3 (w = 21.50 kips/ft) 
As shown in Figure 8.4-4, two new cracks occurred in the slip plate region, and the 
cracks in the East end became longer and wider. The maximum crack width at both ends was 
0.35 mm. 
 (4) Load Stage 4 (w = 23.65 kips/ft,) 
The first sign of local crushing was observed near the bottom tip of the slip plate, as 
shown in Figure A8.4-5.  
 (5) Load Stage 5 (w = 26.44 kips/ft) 
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The development of the diagonal cracks spread towards mid-span from both ends. As 
shown in Figure A8.4-6, the largest crack width was 0.60 mm near the bottom tip of the slip 
plate where additional local crushing had developed.  
(6) Load Stage 6 (w = 27.90 kips/ft) 
Because the signs of local crushing off the end of the slip plate were becoming more and 
more clear, as shown in Figure A8.4-7, the test was stopped at the load of 27.90 kips/ft. Figure 
A8.4-8 shows the crack patterns for both ends.  No local failure appeared imminent in the East 
End.  
(7)  Load Stage 7 (w = 32.70 kips/ft) 
For load stage 7, Girder 8 was reloaded again on the second day with 10 jacks 
disconnected at the East end. Under the revised loading pattern two new cracks developed in the 
East end, but no new cracks occurred in the West end.  The maximum crack width at the bottom 
tip of the slip plate reached 1.2 mm. As the test load reached 32.70 kips/ft, there were signs that 
failure was imminent. Figure A8.4-9 shows the distributed crushing and slip that were occurring 
along the base of the web at the West end of the girder at this stage. The loading was limited to 
32.70 kips/ft in order to prevent a brittle failure at the West end. Based on the previous 
experience in this research project with end region failures, it was anticipated that the member 
was within 0 to 4% of its ultimate capacity at the West end.  So that the East end could also be 
tested to failure, the girder was unloaded and strengthened. 
 (8) Repair of both ends 
Girder 8 was strengthened in an effort to achieve a B-region failure in its East half. Cast-in-
place diaphragms were added to both ends and the strands were externally anchored as shown in 
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Figures A8.4-10 and A8.4-11.  The diaphragm in the West end was 10 feet long to cover the whole 
slip plate region and vertically post-tensioned.  The diaphragm in the East end was 5 feet long and 
laterally post-tensioning to prevent failure from developing within, or propagating into, the end 
region.    
(9) Test of B-Region at East End (Load Stages 8 through 12) 
After Girder 8 was strengthened at both of its ends, it was reloaded on February 24, 2005. 
A total of 10 jacks on the West end and six jacks on the East end were disconnected for this 
loading in order to avoid failure in the West half and east End of the girder. The East end failed 
at a load of 43.73 kips/ft with distributed crushing and shear slip throughout the B-region 
immediately in front of the diaphragm. Figures A8.4-12 through A8.4-15, recorded by video 
cameras, recorded the development of the final failure.  
A8. 5 Experimental Results for East End Test (G8E) 
A8.5.1 Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 14.50 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 86.42=cby ) at an 
angle of 36 degrees and at a longitudinal distance of 60.96 inches from the extreme East end 
(48.96 inches from the center line of the East support). See Figure A8.5-1.  Table A8.5-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 303.3 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 304.3 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.00. Table A8.5-1 also compares the angle of measured and calculated diagonal 
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cracking. The measured cracking angle was ӨTest = 36 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 28.1 degree, for a crack angle ratio of ӨTest/ӨMohr is 1.28.   
(2) Distribution of Shear Crack Angles 
Figure A8.5-2 presents the distribution of shear crack angles for the East half of Girder 8 
(G8E). The longitudinal position of each crack is taken as the point that this crack crossed the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 23 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A8.5.2 Web Shear Strains 
A total of nine LVDTs were installed on the surface of the web to measure the web shear 
strains of the end regions. Those LVDTs were grouped as three rectangular rosettes, with two 
rosettes placed at the East end and one in the West end, as shown in Figure A8.5-3. LVDTs ED1 
through ED6 were at the East End. The gage lengths of the LVDTs were all 48 inches so the 
computer strain is the average strain over a distance of 48 inches.  From the two diagonal strains 
1diagonalε  and 2diagonalε , the average shear strain γ of that region can be computed for each rosette 
as )( 2diagonal1diagonal ε−ε=γ . Only gages ED3 and ED4 were worked during the test, and the load 
versus shear strain curves for these two gages are shown in Figure A8.5-3. 
A8.5.3 Stirrup Strains 
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A total of 80 strain gages were placed on 20 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S11 through S20 were placed on the East half of the girder, as 
shown in Figure A8.5-4. Figure A8.5-4 presents the development of stirrup straining up to the 
peak load.  Note that the values given are not the actual strains in the stirrups, but represent the 
change in strain resulting from the externally applied load since the gage readings were set to 
zero prior to loading. That said, the vertical strains in the stirrups due solely to the effects of 
prestressing have been measured in other girders and calculated by analyses to be very small. 
The stirrup yield strains were approximately 2400 micro-strain. Table A8.5-2 presents the stirrup 
strain for each gage under the peak load of 43.73 kips/ft. Stirrups S13 through S16, located in the 
B-region over a length approximately equal to the depth of the girder in front of the cast-in-place 
diaphragm, were all yielding prior to failure.  Effectively a plastic shear hinge had developed in 
the girder.   
A8.5.4 Concrete Strains at East End 
(1) Locations of Gages at East End 
Six concrete strain gages designated “E*” in Figure A8.5-5 were attached to the web at 
the East end for measuring diagonal compressions. Table A8.5-3 lists the location and angle of 
inclination for each gage. 
(2) Concrete Strains at East End 
The web strains measured by the gages at the East end are shown in Figure A8.5-6. Table 
A8.5-4 lists the peak strain for each gage under the load of 32.70 kips/ft.   
A8.5.5 Strand Slip of East End (G8E) 
Strand slips were measured by LVDTs attached between the strands and the girder at 
both ends. No significant slip was observed during the tests at the East end.  
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A8.5.6 Vertical Deflections During East End Test 
The deflections of the girder were also measured with LVDTs at five locations, as shown 
in Figure A8.5-7. As seen from Figure A8.5-7, the deflections reached their maximum under the 
peak load of 43.73 kips/ft. The maximum deflections were 2.796 in (V3) and 1.786 in (V4).    
A8.5.7 Longitudinal Strains of East End Test 
Longitudinal strains were measured during the West end test only. Therefore strains are 
reported up to a maximum load of 32.70 kips/ft only. All horizontal LVDTs were removed 
during the East end test.  Figure A8.5-8 presents the load-strain curves at locations H1, H2, H3 
and H4.  Note that the strain is the average strain over a distance of 48 inches. The longitudinal 
strains under the peak load of 32.70 kips were 45µs  (H1), 1031µs  (H2), 241 µs  (H3) and -675 
µs  (H4). The maximum compressive strain at mid-span of H4 was only 675µs . The maximum 
tensile stress of the bottom bulb at the mid-span (H2, 1031µs ) corresponds to a prestress 
increment of ksi 4.2910103128500 6 =×× − , which means that the prestressed strands had not 
yielded at completion of the West end test since ksi 0.243f ksi 9.1874.295.158 py =<=+ . 
A8.5.8 Reinforcement strains in the Bulb Confinement Cage at G8E 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end. A total of 10 strain gages were attached on the cage as 
shown in Figure A8.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gages 8-10 were located along the bottom bulb. Table A8.8-2 lists the detailed 
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gage locations in the cage. Table A8.8-3 presents the sets of strain measurements taken before 
testing.  
Figure A8.5-9(a) shows the curves of the measured longitudinal strains versus load for 
the confinement cage. All gages measured increased tensile straining with increasing load. The 
maximum tensile strain in gage 3 was 1624 ms. Figure A8.5-9(b) presents measured transversal 
strains versus load for the confinement cage. During the test, gage 5 measured compressive 
straining while gage 8 measured tensile straining during the test. With increasing load gage 7 
initially measured compressive straining and then measured increasing tensile strains. At the 
failure load, the tensile strains were 530 µs (gage 7) and 215 µs (gage 8). The maximum 
compressive strains were -141 µs (gage 5) and -74 µs (gage 7) and both occurred at w = 27.84 
kips/ft. Note that different loading patterns were applied in the test which caused the rapid strain 
changes in plots of both figures (a) and (b) 
A8.5.9 Failure Mode of G8E 
When external load reached 43.73 kips/ft with 10 jacks off on the West end and 6 jacks 
off on the East end, G8E failed in a very brittle manner due to crushing of a field of compression 
and shear slip along cracks. The corresponding support force was 661.0 kips. Stirrups yielded 
shortly before failure. Prior to failure, extensive local crushing appeared just before the inner 
face of the diaphragm. Concrete started to fall off due to strut compression. As load increased 
spalling noise continued. G8E failed over a few seconds with substantial deformation. A band of 
diagonal compression struts crushed at the bases or intersections with diaphragm. A 124-inch 
long crushed zone inside of the diaphragm was formed, as shown in Figure A8.5-10. Both 
longitudinal and shear reinforcement were exposed to surface in this zone. The upper web 
beyond the zone slid towards the end of the girder and this sliding caused shear stirrups to bend. 
 A8-11
New diagonal cracks continued to appear as failure was approached. The average crack spacing 
was 4 inches before failure, and the maximum shear crack width reached 1.5 mm. Shear slip 
occurred along cracks with downward relative movement of the upper region. No slippage of 
strands occurred due to anchorage failure. No damage was observed in the diaphragms, the top 
flange or the bottom bulb.  
A8.5.10 Ultimate Shear Capacity of East End 
A8.5.10.1 Shear Capacity of G8E 
For the specific loading pattern shown in Fig.A8.3-3, the East end of Girder 8 failed 
when the distributed loading reached 43.73 kips/ft. Prior to the application of the loading of 
Figure A8.3-3, the girder had also been loaded using the pattern described in Figure A8.3-1. The 
East end shear created by the final loading was 661.2 kips while that created by initial loading 
was 611.38 kips.  Therefore it is reasonable to examine the predicted capacities ignoring the 
loadings before strengthening but recognizing that the initial loading had stressed the East end to 
within about 10% of its final capacity.  This section compares the measured failure capacity with 
the shear capacity calculated using LRFD, STD and R2K.  
LRFD: Table A8.5-5 presents the calculated shear capacity by the LRFD specifications 
in which the critical section was x = 6.16 ft from the East support. The LRFD calculated shear 
capacity at the critical section is 600.9 kips, which corresponds to an external load of wLRFD = 
39.74 kips/ft for the same loading pattern as the test load. 
R2K: For the same critical section at x = 6.16 ft from the East support, R2K predicts a 
nominal shear capacity of 549.6 kips, which corresponds to an external load of wR2K = 36.35 
kips/ft for the same loading pattern as test load.  
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STD:  Table A8.5-6 presents the calculated shear strength by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support.  Thus, the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the East support, and the shear capacity calculated using the AASHTO STD procedure 
is 537.7 kips, which corresponds to an external load of wSTD = 35.56 kips/ft for the same loading 
pattern as the test load. 
Table A8.5-7 compares the measured capacity and the calculated capacities using LRFD, 
STD and R2K. 
A8.5.10.2 Shear Capacity of G8EB 
For the specific loading pattern shown in Figure A8.2-1, the East end of Girder 8 failed 
when the distributed loading reached 43.73 kips/ft. Because a 5-foot long diaphragm was added 
to the East end before the failure of G8E, that diaphragm affected the location of the critical 
section. This section compares the measured capacity with the capacity calculated using LRFD, 
STD and R2K for a critical section located in front of the diaphragm.  . 
LRFD: Table A8.5-8 presents the calculated shear capacity by the LRFD specifications 
for a critical section at ft 9.78in 4.117)cot(d5.048x v ==θ+= from the East support, where 48 
inches is the extension of the diaphragm in front of the center of the East support.  Over the 
distance of in 7.138)cot(d v =θ , there are 15 #4 bars, therefore,  
kips 2.415)2.69)(40.0)(15(Vs ==  
The LRFD calculated capacity at the new critical section is 536.1 kips, which corresponds to an 
external load of wLRFD = 37.39 kips/ft for the same loading pattern as the test load. 
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R2K: For the same critical section at x = 9.78 ft from the East support, R2K predicts the 
nominal shear capacity to be 542.9 kips, which corresponds to an external load of wR2K = 37.86 
kips/ft for the same loading pattern as the test load.  
STD:  Table A8.5-9 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support, then the critical section is located at x = 73/2 + 48 = 84.5 inches = 7.04 ft. from the 
center of the East support. The shear capacity calculated using the AASHTO STD is 541.1 kips, 
which corresponds to an external load of wSTD = 35.79 kips/ft for the same loading pattern as the 
test load. 
Table A8.5-10 compares the measured capacity and the calculated capacities using 
LRFD, STD and R2K. 
A8. 6 Experimental Results for West End Test (G8W) 
A8.6.1 Shear Cracking at West End 
(1) First Web Shear Cracking at West End 
The first diagonal cracks occurred in the West end of the girder under a loading of 15.71 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 86.42=cby ) at an 
angle of 33 degrees and at a longitudinal distance of 66.00 inches from the extreme West end 
(54.00 inches from the center line of the West support). See Figure A8.6-1.  Table A8.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 322.0 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 304.7 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.06. Table A8.6-1 also compares the angle of measured and calculated diagonal 
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cracking. The measured cracking angle was ӨTest = 33 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 28.1 degrees, for a crack angle ratio of ӨTest/ӨMohr is 1.17.   
(2) Distribution of Shear Crack Angles 
Figure A8.6-2 illustrates the distribution of shear crack angles for the West half of Girder 
8 (G8W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 26 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A8.6.2 Web Shear Strains 
A total of nine LVDTs were installed on the surface of the web to measure the web shear 
strains of the end regions. Those LVDTs were grouped as three rectangular rosettes, with two 
rosettes placed at the East end and one in the West End, as shown in Figure A8.6-3.  The LVDTs 
WD1, WD2 and WD3 were at the West End. The gage lengths of the LVDTs were all 48 inches 
so the computed strains are the average strains over a distance of 48 inches.  From the two 
diagonal strains 1diagonalε  and 2diagonalε , the average shear strain γ of that region can be computed 
for each rosette as )( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses 
obtained from those LVDTs are shown in Figure A8.6-3. Note the shear force V was calculated 
for the section at the center point of the rosette. Under the failure load w = 32.70 kips/ft, the 
shear force and shear strains are V = 667.1 kips, γ = 3952 µs ( WD1 and WD3 ).  
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A8.5.3 Stirrup Strains 
A total of 80 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S10 were placed on the West half part of the girder, as 
shown in Figure A8.6-4. Figure A8.6-4 also presents the development in stirrup straining up to 
the peak load. Note that the values given are not the actual strains in the stirrups, but represent 
the change in strain resulting from the externally applied load since the gage readings were set to 
zero prior to loading. That said, the vertical strains in the stirrups due solely to the effects of 
prestressing have been measured in other girders and calculated by analyses to be very small. 
The yield strains of stirrups are approximately 2400 micro-strain. For stirrups S1 through S6, 
Figure A8.6-4 presents stirrup straining up to the maximum load of 32.70 kips/ft that was applied 
with the loading pattern described in Figure A8.3-1(b). For stirrups S7 through S10, Figure A8.6-
3 presents the stirrup straining up to the maximum load of 43.73 kips/ft that was applied with the 
loading pattern given in Figure A8.3-3.  For the latter loading pattern, the strains recorded for 
stirrups S1 through S7 are of no significance because the region containing those stirrups was 
covered by a cast-in-place diaphragm.   Table A8.5-2 lists the stirrup strain of each gage under 
the load of 27.90 kips/ft which was the maximum load applied with the load pattern of Figure 
A8.3-1(1).  
A8.6.4 Concrete Strains at West End (G8W) 
(1) Locations of Gages at West End 
There were a total of 16 strain gages at the West end, 10 on the web and designated as 
“W*”’ in Figure A8.6-5 and six on the bottom bulb designated as “WB*”. Gages W1 through 
W6 were the counterparts of gages E1 through E6 located at the East end.  The locations and 
angles of inclination for each gage can be found in Table A8.6-3.  
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 (2) Concrete Strains of West End 
The web strains for the gages at the West end are shown in Figure A8.6-6. Table A8.6-4 
summarizes the peak strains for each gage under the maximum load of 32.70 kips/ft applied in 
the West end test.  The WB gages show that significant tensile stresses developed at the West 
end prior to the maximum load, suggesting that the loading required additional tensile stresses to 
develop in the prestressing steel.    
A8.6.5 Strand Slip of West End (G8W) 
Strand slips were measured by LVDTs attached to the girder and the strands at both ends. 
No significant slip was observed during the test.  
A8.6.6 Vertical Displacements During West End Test 
Figure A8.6-7 presents the load-deflection curves for the West end Test.  The change in 
deflections due to the change of the loading pattern from that of Figure A8.3-1(1) at 27.90 kips/ft 
to that of Figure A8.3-1(2) from 27.90 kips/ft through 32.70 kips/ft are clearly apparent in Figure 
A8.6-7. The maximum deflections in the West end test were 0.149 in (V1), 1.457 in (V3), 1.138 
in (V4) and 0.201 in (V5).   The shape of the load-deflection curves does not suggest that the 
prestressing strands yielded prior to the maximum load.  
A8.6.7 Longitudinal Strains During West End Test 
Longitudinal strains were measured during the West end test. Figure A8.6-8 presents the 
measured longitudinal strains measured at locations H1, H2, H3 and H4 over a gage distance of 
48 inches. The longitudinal strains under the peak load of 32.70 kips were 45µs  (H1), 1031µs  
(H2), 241 µs  (H3) and -675 µs  (H4). The maximum compressive strain at mid-span for H4 was 
675µs . The maximum tensile stress of the bottom bulb at the mid-span (H2, 1031 µs ) 
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corresponds to a prestress increment of ksi 4.2910103128500 6 =×× − , which means that the 
prestressed strands did not yield prior to the maximum load since 
ksi 0.243f ksi 9.1874.295.158 py =<=+ . 
A8.6.8 Reinforcement strains in the Bulb Confinement Cage at G8W 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end of the girder. A total of 10 strain gages were attached on the 
cage, seen Figure A8.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom while gages 8-10 were located along the bottom bulb. Table A8.8-2 lists the detailed 
gage locations in the cage. Table A8.8-3 presents the sets of strain measurements taken before 
testing.  
Figure A8.6-9(a) shows the curves of the measured longitudinal strains versus load for 
the confinement cage. All gages measured increasing tensile straining with loading. At the 
failure load 32.70 kips/ft, the measured tensile strains were 545 µs (gage 1), 147 µs (gage 2) and 
133 µs (gage 3). Figure A8.6-9(b) presents the measured transversal strains versus load for the 
confinement cage. During the test gage 7 measured compressive straining while gages 8 and 10 
measured tensile straining. The maximum compressive strain in gage 7 was -71 µs and the 
maximum tensile strain in gage 8 was 194 µs. Note that different loading patterns were applied 
in the test which caused the rapid strain changes in plot of gage 7.  
A8.6.9 Failure Mode of G8W 
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The test load was halted at 32.70 kips/ft with 10 jacks off on the other end. The 
corresponding support reaction force was 667.1 kips. Based on the observed local crushing and 
shear slip, failure of G8W was considered imminent under the peak load. Figure A8.6-10 shows 
the failure mode of G8W. Stirrups were close to yielding under peak load. A large crack 
extended from the bottom tip of the slip plane to the support. Local crushing and significant 
shear slip had occurred around this crack. As load increased, splitting noise continued and the 
sign of local crushing became apparent with concrete spalling from the surface. The average 
crack spacing was 5 inches. The maximum crack width occurred at the bottom tip of the plate 
and reached up to 1.2 mm. Slips between two plates and along shear cracks were also observed. 
All slips exhibited a downward relative movement of the upper region. No strand slip was 
observed.  The top flange and bottom bulb were not damaged in the test other than a small cracks 
that penetrated into the bottom bulb near the support.  
A8.5.10 Ultimate Shear Capacity of G8W 
For the specific loading pattern shown in Figure A8.2-1(2), G8W was considered to have 
reached very close to its ultimate capacity when the distributed loading was 32.70 kips/ft. Note 
that the maximum West end shear for the maximum loading applied with the pattern of Figure 
A8.2-1(1) was 613.8 kips while that for the maximum loading applied with the pattern of Figure 
A8.2-1(2) was 667.0 kips so that conditions for the latter loading pattern probably controlled the 
shear strength.  The capacity for the loading of 32.70 kips/ft is now compared with the capacities 
calculated using the LRFD and STD specifications as well as R2K. 
LRFD: Table A8.6-5 presents the calculated shear capacity by the LRFD specifications 
where the critical section is at x = 6.16 ft from the West support. The LRFD calculated capacity 
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at the critical section is 600.9 kips, which corresponds to an external load of wLRFD = 34.85 
kips/ft kips/ft 85.34w LRFD = for the same loading pattern as the test load. 
R2K: For the same critical section at x = 6.16 ft from the West support, R2K predicts the 
nominal shear capacity as 542.3 kips, which corresponds to an external load of wR2K = 31.46 
kips/ft for the same loading pattern as the test load.  
STD:  Table A8.6-6 presents the calculated shear design capacity by the AASHTO 
Standard specifications. AASHTO STD gives the location of the critical section as h/2 from the 
face of the support which in this case is at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the center of 
the West support. The shear capacity calculated using the AASHTO STD is 537.7 kips, which 
corresponds to an external load of wSTD = 26.91 kips/ft for the same loading pattern as the test 
load. 
Table A8.6-7 summarizes the comparison of the measured capacity and the calculated 
capacities using LRFD, STD and R2K. Note that since the girder did not fail under the applied 
load, but only seemed to be at the point of failure, the test load is a somewhat conservative 
estimate of the true failure load.    
A8.7 Zurich Gage Measurements 
A total of 315 aluminum targets were glued to the surface of the web in square grids prior 
to loading to measure the surface deformation of the web of Girder 8. Figure A8.7-1 shows the 
5-line and 63-column grid. The spacing between two adjacent targets is 10 in (254mm).  
The Zurich Gage Measurement System was used to measure the change in distance between 
targets at different load levels during the experiment. Table A8.7-1 summarizes the load levels at 
which the Zurich measurements were taken. The first two sets of measurements were taken 
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before test without superimposed loading for calibration and error assessment. Figures A8.7-2 
and Figure A8.7-3 present the change in distance measured between the targets. The value on the 
line segment is the deformation between those two targets. The unit of the deformation is 
millimeters (mm). 
A8.8 Measurements for Girder 8 Before Test 
Girder 8 was cast on June 14, 2004, and its prestressing strands were released on June 17, 
2004. Strain and displacement measurements were taken before and after strand release to obtain 
the effects of strand release on the strains and internal deformations of the girder. Another set of 
measurements also was taken on January 05, 2005 shortly before testing was begun on January 
12, 2005. The following sections present the measured strains and displacements.  
A8.8.1 Surface Deformations of Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 7 by 
distributing targets in both ends and near mid-span of the girder. The spacing between two 
measurement targets was 10 inches, but overlapping sets of targets were used that provided a 
measurement of average strain every 5 inches. The first target on each end was located at 3 
inches from that end. Table A8.8-1 and Figure A8.8-1 present the detailed results of the surface 
strains in Girder 8. Figure A8.8-1 shows the strain distributions along the girder for the different 
dates listed in Table A8.8-1.  The plots have been organized so that the strain profile can be seen 
from the front elevation view perspective. The average compressive strains in the middle part of 
the girder after release and before testing were -921µε  and -1545µε , respectively. Thus the 
average prestress loss and the average effective prestress before test can be estimated as: 
 ksi 0.4410154528500f 6Loss =××=∆ −  and  ksi 5.1580.445.202fpe =−= . 
A8.8.2 Strains in Bottom Cages 
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Ten strain gages were attached to the confinement cage.  Figure A8.8-2 shows their 
locations and identifiers. Table A8.8-2 lists the distance from the end of the girder to the location 
of each gage. Gages 1 through 4 were used for measuring longitudinal strains, while gages 5 
through 10 gages were used for measuring transverse strains in the confinement reinforcement. 
The detailed results of the strains for Girder 8 from two measurements are shown in Table A8.8-
3. 
A8.8.3 Strains in the Stirrups near the Ends of the Girder 
To measure the bursting strain at each end, the strains in the first gaged stirrup at each 
end were obtained. This stirrup was located 12 inches from the end of the girder. Figure A8.8-3 
shows the gage locations and numbers. The detailed results are listed in the Table A8.8-4. 
As expected, the largest strain for both stirrups is in Gage 1. 
A8.8.4 Measurements in the Slip Plate Region 
A8.8.4.1 Surface Deformations in the Slip Plate Region  
Whittemore targets were attached to the girder in the vicinity of the plate in grids of 
equilateral triangles, as shown in Figure A8.8-4. The spacing between every two adjacent targets 
was 10 inches. The deformation of each edge of the plate was measured to monitor the effective 
crack opening and slip. Table A8.8-5 lists the distances between every two adjacent targets and 
the deformation values. Table A8.8-6 lists the concrete strains parallel to the top and bottom 
plates, as computed from the target displacements. The results in Table A8.8-6 show that the 
concrete above the plates had a different deformation from the concrete below the plates, so that 
slip must have existed between the plates. The slip along the plate was computed by considering 
the rigid body movement and elastic deformation in each triangle, as shown in Figure A8.8-5. 
Equations (1) through (4) give the detailed computation procedure.  
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The calculated results for slip and opening displacements are given in Table A8.8-7 and 
were are also illustrated in Figure A8.8-6. Positive slip values mean that the concrete below the 
plates moved downwards.  Negative opening values mean shortening across the plates due to 
compression.  
A8.8.4.2 Strains in the Stirrups within the Slip Plate Region  
The strains in six stirrups were measured in the region of the aluminum plates to monitor 
the effect of strand release on the distribution of strains in the vicinity of the plates. Table A8.8-8 
lists the detailed results for every gage on each of the stirrups extending past the plates. The gage 
locations are shown in Figure A8.8-7. The measured strains are not too dissimilar from what is to 
be expected based on the normal theory of bending and thus the presence of the slip plates 
appears to have had little effect on stirrup strains. 
A8.9 Design of Girder 8 
A8.9.1 Introduction 
Girder 8 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu, over a 50-foot simple span such that the shear stress at 
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the face of the first critical shear section 0.5dvcotθ from the face of the support was equal to v = 
0.12 f′c = 0.12(14) = 1.68 ksi. A 42-inch wide and 10-inch deep slab was made composite with 
the girder. The member was designed to satisfy all of the requirements of the AASHTO LRFD 
Bridge Design Specifications (1998). A brief summary of the design of Girder 8 is presented in 
this section. For a complete description of the design procedure, see section A1.9 of Appendix 
A1. 
A8.9.2 Materials 
The material properties used in the design of Girder 8 are shown in Table A8.9-1 
A8.9.3 Cross-Sectional Properties 
Figure A8.9-1 presents the dimensions of the cross section and Table A8.9-2 presents the 
cross-sectional properties. Since the girder and the slab had different concrete strengths, the 
composite section properties were computed based on the transformed slab width and using the 
calculated modulus of elasticity of the precast girder. 
A8.9.4 Load and Tendon Profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A8.9-2. Figure A8.9-3 illustrates the tendon profile of Girder 8.  
A8.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
Table A8.9-3 lists the calculated prestress losses along the length of the girder. All 
locations are measured from the extreme end of the girder. The calculated average effective 
prestress at the end of the service life  ksi 4.116fpe = . 
A8.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
Concrete stresses immediately after transfer were calculated and are given in Table A8.9-
4. All locations in this table are measured from the extreme end of the girder. 
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A8.9.7 Flexural Strength Design 
 Table A8.9-5 presents the flexural strength design for the design ultimate load of 
kips/ft 06.32w u = for selected locations along the length of Girder 8. These locations are 
measured from the left support. Figure A8.9-4 also shows the moment envelope curves for 
design ultimate load and nominal flexural strength.  
A8.9.8 Shear Design of Girder 8 
 The calculations for shear design of Girder 8 are summarized in Table A8.9-6 and Figure 
A8.9-5.  
A8.9.9 Drawings of Girder 8 
Figure A8.9-6 through Figure A8.9-10 present the fabrication drawings for Girder 8. 
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Table A8.2-1 Measured Materials Properties of Girder 8 
Materials G8E & G8W 
Deck Slab  
Concrete strength, 'cf  7.0 ksi  
Modulus of elasticity of slab Ec 5,072 ksi 
Precast Girder  
Concrete strength, 'cf  13.3 ksi  
Strain at peak stress 'cε  0.0032 
Modulus of elasticity of Girder  6,992 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     158.5 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #4: 69.2 ksi (fy) , 107.8 ksi (fu) 
#5: 68.4 ksi (fy) , 107.4 ksi (fu) 
Others: 74.5 ksi (fy) , 111.75 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
  (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A8.2-2 Sectional Properties of Girder 8 
Cross-Section Properties G8E & G8W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.787 
Total transformed area of the composite section, Ac 1018 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 669,996 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
42.86 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
30.14 in 
Composite section modulus for the bottom, Sbc 15,631 in3 
Composite section modulus for the top, Stc 22,231 in3 
Weight of composite section 1.180 kip/ft 
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Table A8.3-1 Load values for Load stages 
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 14.71 323.5 4529.7 323.5 
2 18.20 400.4 5605.6 400.4 
3 21.50 473.0 6622.0 473.0 
4 23.65 520.3 7284.0 520.3 
5 26.44 581.6 8142.8 581.6 
6 27.90 613.8 8593.9 613.8 
7* 32.70 667.1 8763.6 444.7 
8 35.50 457.2 8875.2 536.8 
9 38.60 497.2 9650.0 583.6 
10 40.20 517.8 10050.0 607.8 
11 43.00 553.8 10750.0 650.2 
12* 43.73 563.2 10932.2 661.2 
( * Load Stage of Failure ) 
 
Table A8.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
14.71 0 0 0 0 0.2 
18.20 0.3 0 0 0 0.35 
21.50 0.35 0 0 0 0.35 
23.65 0.4 0 0 0 0.35 
26.44 0.6 0 0 0 0.4 
27.90 0.7 0 0.05 0 0.4 
32.70 1.2 0.05 0.05 0 0.5 
35.50   0.15 0.1 0.75 
38.60   0.2 0.3 0.75 
40.20   0.2 0.4 1 
43.00   >0.20 0.4 1.5 
43.73   >0.20 >0.40 >1.50 
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Table A8.5-1 First Web Shear Cracking and STD prediction of G8E 
End: G8E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 13.3 
Cracking Load w (k/ft) 14.5 
Cracking Section Location from support  (in) 48.96 
Neutral axis of composite section Ycb (in) 42.86 
Measured crack angle Testθ  (deg) 36 
Cracking shear force at section TestV  (kips) 303.3 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 158.5 
Total prestress force ppepe AfF =  (kips) 1513.4 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 10.74 
Self-Weight Moment Md  (k-ft) 110.6 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1152.6 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 304.3 
Ratio of cwTest VV 1.00 
Concrete Cracking Strength 'ct ff 4=  (psi) 461.3 
tpcMohr ffcot +=θ 1  1.87 
Mohrθ (deg) 28.1 
Ratio of MohrTest θθ  1.28 
 
 
Table A8.5-2 Stirrup strains of East End (w = 43.73 kips/ft) 
 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 
4 715 N/A 4000 4955 6737 4991 1680 124 101 84 
3 218 N/A 1838 1709 3204 6853 N/A N/A 48 N/A 
2 755 579 1636 646 >2958 >5593 5860 3553 803 N/A 
1 -105 -170 1081 634 N/A >1759 >3063 5104 933 69 
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Table A8.5-3 Concrete strain gage locations at East end 
No X Y θ  No X Y θ  No X Y θ  
E1 14.8 15.1 35 E3 33.3 43.6 40 E5 46.5 29.9 30
E2 37.5 30.9 30 E4 58.5 45.6 35 E6 72.1 44.2 30
 
Table A8.5-4 Concrete strains at East End under peak load 32.70 kips/ft (unit: sµ )  
Gage E1 E2 E3 E4 E5 E6 
Strain -392 -301 -444 3884 -368 -503 
 
Table A8.5-5 LRFD Shear Prediction for G8E  
 Prediction 
Concrete Strength 'cf   (ksi) 13.3 
External Load uw (k/ft) 39.74 
Critical Section (ft) 6.16 
Shear Force uV (kips) 600.9 
Moment uM (k-ft) 3701.4 
Effective prestress pef  (ksi) 158.5 
ed (in) 67.67 
vd (in) 60.90 
'
cfv  0.1236 
1000x ×ε  -0.0524 
β  2.87 
θ  23.7 
yf (ksi) 69.2 
sAv  (in2/in) 0.4/8 
cV (kips) 120.9 
sV (kips) 480.0 
pV (kips) 0 
psc VVVV ++= (kips) 600.9 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1215.0 
Nominal Shear nV (kips) 600.9 
Nominal Load nw (kips/ft) 39.74 
Error nun w/|ww| −  0 
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Table A8.5-6 STD Shear Prediction for G8E  
STD Prediction 
Concrete Strength 'cf   (ksi) 13.3 
Test Load uw (k/ft) 43.73 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 661.2 
Moment due to test load uM (k-ft) 2261.3 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 9.548 
Effective prestress pef  (ksi) 158.5 
Total prestress force ppepe AfF =  (kips) 1513.4 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y 
(in) 10.74 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
5131.1 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7465.0 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 2236.3 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1147.2 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 303.6 
)V,Vmin(V cwcic = 303.6 
yf (ksi) 69.2 
sA v  (in
2/in) 0.40/8 
s
dfA
V yvs =  (kips) 234.1 
scn VVV +=   (kips) 537.7 
Nominal Load STDw (kips/ft) 35.56 
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Table A8.5-7 Capacity comparison of prediction and test result of G8E 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G8E 43.73 39.74 36.35 35.56 1.10 1.20 1.23 
 
Table A8.5-8 LRFD Shear Prediction for G8EB  
 Prediction 
Concrete Strength 'cf   (ksi) 13.3 
External Load uw (k/ft) 37.39 
Critical Section (ft) 9.78 
Shear Force uV (kips) 536.2 
Moment uM (k-ft) 5517.6 
Effective prestress pef  (ksi) 158.5 
ed (in) 67.67 
vd (in) 60.90 
'
cfv  0.1103 
1000x ×ε  -0.00418 
β  2.87 
θ  23.7 
yf (ksi) 69.2 
sAv  (in2/in) 0.40/8,0.40/12 
cV (kips) 120.9 
sV (kips) 415.2 
pV (kips) 0 
psc VVVV ++= (kips) 536.1 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1215.0 
Nominal Shear nV (kips) 536.1 
Nominal Load nw (kips/ft) 37.39 
Error nun w/|ww| −  0% 
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Table A8.5-9 STD Shear Prediction for G8EB  
STD Prediction 
Concrete Strength 'cf   (ksi) 13.3 
Test Load uw (k/ft) 43.73 
Critical Section (ft) 7.04 
d (in) 67.67 
Shear Force due to test load uV (kips) 661.2 
Moment due to test load uM (k-ft) 4654.8 
Shear Force due to Self-weight dV (kips) 21.19 
Moment due to Self-Weight dM (k-ft) 178.4 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 9.548 
Effective prestress pef  (ksi) 158.5 
Total prestress force ppepe AfF =  (kips) 1513.4 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 10.74 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
5131.1 
b
d
d S
M
f =  (psi)
175.2 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7357.0 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1094.3 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1174.9 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 307.0 
)V,Vmin(V cwcic = 307.0 
yf (ksi) 69.2 
sA v  (in
2/in) 0.40/8 
s
dfA
V yvs =  (kips) 234.1 
scn VVV +=   (kips) 541.1 
Nominal Load STDw (kips/ft) 35.79 
 
 A8-33
Table A8.5-10 Capacity comparison of prediction and test result of G8EB 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G8EB 43.73 37.39 37.86 35.79 1.17 1.16 1.22 
 
Table A8.6-1 First Web Shear Cracking and STD prediction of G8W 
End: G8W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 13.3 
Cracking Load w (k/ft) 15.71 
Cracking Section Location from support  (in) 54 
Neutral axis of composite section Ycb (in) 42.86 
Measured crack angle Testθ  (deg) 33 
Cracking shear force at section TestV  (kips) 322 
Area of Prestress strands pA  (in2) 9.548 
Effective prestress pef  (ksi) 158.5 
Total prestress force ppepe AfF =  (kips) 1513.4 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.3 
Distance between centroids of girder and composite section y (in) 10.74 
Self-Weight Moment Md  (k-ft) 120.8 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1156 
d (in) 67.67 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 304.7 
Ratio of cwTest VV 1.06 
Concrete Cracking Strength 'ct ff 4=  (psi) 461.3 
tpcMohr ffcot +=θ 1  1.87 
Mohrθ (deg) 28.1 
Ratio of MohrTest θθ  1.17 
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Table A8.6-2 Stirrup strains of West End (w = 27.90 kips/ft ) 
Gage S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
4 -66 -261 308 1372 N/A 1758 1240 631 86 1 
3 -140 -135 665 1659 1907 825 1238 -1 N/A -33 
2 -230 406 1122 N/A 1317 1338 -32 -34 -1068 -81 
1 -174 900 884 725 525 39 -88 -162 -80 -282 
 
Table A8.6-3 Concrete strain gage locations at West end 
No X Y θ  No X Y θ  No X Y θ  
W1 14.2 15.0 35 W7 47.4 25.6 30 WB1 16.0 8.0 0
W2 36.9 31.1 30 W8 73.9 40.3 30 WB2 28.0 8.0 0
W3 32.6 43.0 40 W9 64.5 29.5 30 WB3 16.0 5.0 0
W4 58.2 45.3 35 W10 86.8 41.9 30 WB4 28.0 5.0 0
W5 45.7 29.0 30 WB5 16.0 2.0 0
W6 71.6 43.7 30 WB6 28.0 2.0 0
 
Table A8.6-4 Concrete strains of West End under failure load 32.70 kips/ft (Unit: sµ ) 
Gage W1 W2 W3 W4 W5 W6 W7 W8 
Strain -2380 3849 -699 -590 -511 -736 -868 -858 
Gage W9 W10 WB1 WB2 WB3 WB4 WB5 WB6 
Strain -586 -852 278 79 188 200 93 341 
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Table A8.6-5 LRFD Shear Prediction for G8W 
 Prediction 
Concrete Strength 'cf   (ksi) 13.3 
External Load uw (k/ft) 34.85 
Critical Section (ft) 6.16 
Shear Force uV (kips) 600.8 
Moment uM (k-ft) 4205.4 
Effective prestress pef  (ksi) 158.5 
ed (in) 67.67 
vd (in) 60.9 
'
cfv  0.1236 
1000x ×ε  -0.0356 
β  2.87 
θ  23.7 
yf (ksi) 69.2 
sAv  (in2/in) 0.40/8 
cV (kips) 120.9 
sV (kips) 480.0 
pV (kips) 0 
psc VVVV ++= (kips) 600.9 
pvv
'
cmax,n Vdbf.V += 250  (kips) 1215.0 
Nominal Shear nV (kips) 600.9 
Nominal Load nw (kips/ft) 34.85 
Error nun w/|ww| −  0 
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Table A8.6-6 STD Shear Prediction for G8W  
STD Prediction 
Concrete Strength 'cf   (ksi) 13.3 
Test Load uw (k/ft) 32.70 
Critical Section (ft) 3.42 
d (in) 67.67 
Shear Force due to test load uV (kips) 653.4 
Moment due to test load uM (k-ft) 2278.5 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 9.548 
Effective prestress pef  (ksi) 158.5 
Total prestress force ppepe AfF =  (kips) 1513.4 
Centroid of strands from the bottom pe (in) 7.82 
Eccentricity of strands from the girder centroid ce (in) 24.30 
Distance between centroids of girder and composite section y (in) 10.74 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
5131.1 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 7465.0 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 2194.1 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1147.2 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 303.6 
)V,Vmin(V cwcic = 303.6 
yf (ksi) 69.2 
sA v  (in
2/in) 0.40/8 
s
dfA
V yvs =  (kips) 234.1 
scn VVV +=   (kips) 537.7 
Nominal Load STDw (kips/ft) 26.91 
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Table A8.6-7 Capacity comparison of prediction and test result of G8W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G8W 32.70 34.85 31.46 26.91 0.94 1.04 1.22 
Table A8.7-1 Loadings for Zurich reading 
Loading  (kips/ft) 0 21.50 23.65 26.44 27.90 32.70 35.50 38.60 40.20 43.00
Zurich Stage  1,2 3 4 5 6 7 8 9 10 11 
 
Table A8.8-1(a) Bulb surface strain of G8W 
G8W Strain(µε ) 
Release(06/17/04) 
Number 
Before After 01/05/05 
1-3 0 -254 -411 
2-4 0 -529 -879 
3-5 0 -758 -1071 
4-6 0 -940 -1450 
5-7 0 -977 -1698 
6-8 0 -851 -1556 
7-9 0 N/A -1693 
8-10 0 -959 -1678 
9-11 0 -989 -1510 
10-12 0 -946 -1664 
11-13 0 -887 -1393 
12-14 0 -876 -1529 
Table A8.8-1(b) Bulb surface strain of G8M 
G8M Strain(µε ) 
Release(06/17/04) 
Number 
Before After 01/05/05 
C1-C3 0 -884 -1502 
C2-C4 0 -942 -1601 
C3-C5 0 -851 -1648 
C4-C6 0 -899 -1499 
C5-C7 0 -882 -1464 
C6-C8 0 -876 -1570 
C7-C9 0 -1033 -1639 
C8-C10 0 -891 -1484 
C9-C11 0 -918 -1495 
C10-C12 0 -961 -1559 
C11-C13 0 -964 -1544 
C12-C14 0 -947 -1541 
Average 0 -921 -1545 
 A8-38
Table A8.8-1 (c) Bulb surface strain of G8E 
G8E Strain(µε ) 
Release(06/17/04) 
Number 
Before After 01/05/05 
1-3 0 -226 -440 
2-4 0 -522 -765 
3-5 0 -792 -1054 
4-6 0 -953 -1368 
5-7 0 -1008 -1478 
6-8 0 -1004 -1748 
7-9 0 -1112 -1729 
8-10 0 -1064 -1666 
9-11 0 -1008 -1568 
10-12 0 -1009 -1603 
11-13 0 -990 -1589 
12-14 0 -975 -1637 
Table A8.8-2 Strain gage location in confinement cage 
Gage Number 1 2 3 4 5 6 7 8 9 10 
Distance from the end(in) 10 20 30 40 7 22 32 7 22 32 
 
Table A8.8-3 Strains in Confinement Cages (µε ) 
G8E G8W 
Release(06/17/04) Release(06/17/04) Gage 
Before After 
Gage 
before After 
1 0 -415 1 0 -467 
2 0 -907 2 0 -1060 
3 0 -1119 3 0 -1176 
4 0 -1138 4 0 -1203 
5 0 N/A 5 0 216 
6 0 307 6 0 485 
7 0 290 7 0 386 
8 0 454 8 0 398 
9 0 N/A 9 0 628 
10 0 358 10 0 289 
 
 
Table A8.8-4 Strains in the first gaged stirrup  
G8E G8W 
Release(06/17/06) Release(06/17/04) Gage 
before After 
Gage 
before After 
1 0 1158 1 0 489 
2 0 137 2 0 77 
3 0 89 3 0 57 
4 0 23 4 0 -252 
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Table A8.8-5 Surface deformation in Plate region 
Distance (mm) Deformation(mm) Targets 
Before Rel. After Rel. 01/05/2005 After Release 01/05/2005 
1-3 254.1130 254.0431 253.96063 -0.0699 -0.1524 
3-5 254.1727 254.1103 254.0381 -0.0624 -0.1346 
5-7 253.8603 253.8016 253.74854 -0.0587 -0.1118 
7-9 255.9075 255.8323 255.78435 -0.0753 -0.1232 
9-11 253.7016 253.6719 253.63043 -0.0296 -0.0711 
11-13 253.6698 253.6350 253.58344 -0.0348 -0.0864 
13-15 253.6101 253.5803 253.54026 -0.0298 -0.0699 
2-4 253.4920 253.2412 253.1364 -0.2508 -0.3556 
4-6 253.8870 253.7694 253.67234 -0.1176 -0.2146 
6-8 253.4869 253.3985 253.31547 -0.0884 -0.1714 
9-10 253.5123 253.4720 253.38024 -0.0403 -0.1321 
10-12 255.6370 255.6068 255.51892 -0.0302 -0.1181 
12-14 253.7511 253.7322 253.69393 -0.0188 -0.0572 
14-16 254.0826 254.0903 254.04699 0.0077 -0.0356 
1-2 253.9327 253.7702 253.69901 -0.1625 -0.2337 
2-3 253.8819 253.9352 253.96571 0.0533 0.0838 
3-4 253.9543 253.7002 253.62154 -0.2541 -0.3327 
4-5 255.4097 255.4565 255.45923 0.0468 0.0495 
5-6 254.0445 253.7775 253.70536 -0.2670 -0.3391 
6-7 253.6114 253.6682 253.68504 0.0568 0.0737 
7-8 253.9644 253.6795 253.59741 -0.2849 -0.3670 
8-9 255.5189 255.5349 255.55956 0.0160 0.0406 
9-10 253.7892 253.5765 253.49962 -0.2127 -0.2896 
10-11 254.0114 254.0577 254.06604 0.0463 0.0546 
11-12 255.7259 255.5232 255.45415 -0.2027 -0.2718 
12-13 253.7968 253.8213 253.86411 0.0245 0.0673 
13-14 253.8120 253.6638 253.61519 -0.1483 -0.1968 
14-15 253.5517 253.5773 253.60884 0.0256 0.0572 
15-16 255.9355 255.8696 255.82372 -0.0659 -0.1118 
 
Table A8.8-6 Concrete strains along the plates 
Top Bottom 
Release(06/17/04) Release(06/17/04) Targets 
before After 01/05/05 
Targets 
before After 01/05/05
1-3 0 -275 -600 2-4 0 -990 -1403 
3-5 0 -245 -530 4-6 0 -463 -845 
5-7 0 -231 -440 6-8 0 -349 -676 
7-9 0 -294 -481 9-10 0 -159 -521 
9-11 0 -117 -280 10-12 0 -118 -462 
11-13 0 -137 -340 12-14 0 -74 -225 
13-15 0 -117 -275 14-16 0 30 -140 
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Table A8.8-7 Slip and opening displacements along the plate  
 Slip (mm)  Opening (mm) 
Location After release 01/05/2005 After release After release 01/05/2005 
Pt. 2 0.2156 0.3173 Pt. 2 -0.0429 -0.0426 
Pt. 3 0.3080 0.4175 Pt. 3 -0.0437 -0.0414 
Pt. 4 0.3016 0.3838 Pt. 4 -0.1033 -0.1268 
Pt. 5 0.3155 0.3916 Pt. 5 -0.0948 -0.1074 
Pt. 6 0.3236 0.4125 Pt. 6 -0.1041 -0.1207 
Pt. 7 0.3420 0.4410 Pt. 7 -0.1060 -0.1197 
Pt. 8 0.2996 0.4062 Pt. 8 -0.1354 -0.1554 
Pt. 9 0.2295 0.3327 Pt. 9 -0.1033 -0.1078 
Pt. 10 0.2591 0.3444 Pt. 10 -0.0878 -0.1156 
Pt. 11 0.2483 0.3246 Pt. 11 -0.0803 -0.0896 
Pt. 12 0.2283 0.3400 Pt. 12 -0.0913 -0.0910 
Pt. 13 0.1728 0.2642 Pt. 13 -0.0660 -0.0584 
Pt. 14 0.1739 0.2540 Pt. 14 -0.0621 -0.0604 
Pt. 15 0.0921 0.1689 Pt. 15 -0.0247 -0.0199 
 
Table A8.8-8 Strains in the stirrups within the plate region (µε ) 
Stirrups Gage (1) (2) (3) (4) (5) (6) 
4(top) -29 -4 30 12 N/A 107 
3 -23 85 83 198 195 N/A 
2 72 241 183 205 589 304 
1(bot.) 440 334 332 357 289 267 
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Table A8.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G8E & G8W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  11.9 ksi 
Concrete strength at 28 days, 'cf  14.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 6,613 ksi  
Modulus of elasticity of Girder  7,173 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #4 : 69.2 ksi 
#5 : 68.4 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A8.9-2 Sectional properties of Girder 8 (Design Value) 
Cross-Section Properties G8E & G8W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.598 
Total transformed area of the composite section, Ac 964 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 633,724 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.46 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
31.54 in 
Composite section modulus for the bottom, Sbc 15,284 in3 
Composite section modulus for the top, Stc 20,094 in3 
Weight of composite section 1.180 kip/ft 
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Table A8.9-3 Prestress losses along the Girder 8 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 24.30 
pESf∆ (ksi) 21.48 21.34 21.15 21.02 20.94 20.91 20.94 21.02 21.15 21.34 21.48 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 59.69 59.16 58.45 57.94 57.63 57.53 57.63 57.94 58.45 59.16 59.69 
2pRf∆ (ksi) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 pTf∆  (ksi) 87.67 87.00 86.10 85.46 85.07 84.94 85.07 85.46 86.10 87.00 87.67 
pef (ksi) 114.8 115.5 116.4 117.0 117.4 117.6 117.4 117.0 116.4 115.5 114.8 
 
Table A8.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -5.81 -5.76 -5.71 -5.67 -5.64 -5.63 -5.64 -5.67 -5.71 -5.76 -5.81
tf (ksi) 0.83 0.78 0.72 0.68 0.65 0.65 0.65 0.68 0.72 0.78 0.83
1.2T(kips) 139.9 129.3 115.1 105.1 99.1 97.1 99.1 105.1 115.1 129.3 139.9
 
 
Table A8.9-5 Flexural Strength of Girder 8 ( kips/ft 06.32w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 3606.8 6412.0 8415.8 9618.0 10018.8 9618.0 8415.8 6412.0 3606.8 
c (in) 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 
ed (in) 65.18 65.18 65.18 65.18 65.18 65.18 65.18 65.18 65.18 
ed/c  0.176 0.176 0.176 0.176 0.176 0.176 0.176 0.176 0.176 
psf (ksi) 256.7 256.7 256.7 256.7 256.7 256.7 256.7 256.7 256.7 
nM (k-ft) 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 12071.4 
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Table A8.9-6 Shear Design of Girder 8 ( ksi 4.116fpe = ) 
 G8W G8E 
X (ft) 6.16 
(6.16) 
16.24 
(16.24) 
25.00 
(22.00) 
25.00 
(25.00) 
33.76 
(16.24) 
43.84 
(6.16) 
uw (k/ft) 32.06 32.06 32.06 32.06 32.06 32.06 
uV (kips) 604.0 280.8 0.0 0.0 280.8 604.0 
uM (k-ft) 4329.0 8788.7 10018.8 10018.8 8788.7 4329.0 
ed (in) 67.67 67.67 67.67 67.67 67.67 67.67 
vd (in) 60.90 60.90 60.90 60.90 60.90 60.90 
'
cfv  0.118 0.055 0.000 0.000 0.055 0.118 
1000x ×ε  -0.0301 0.4766 0.4843 0.4843 0.4766 -0.0301 
β  2.87 2.59 2.59 2.59 2.59 2.87 
θ  23.7 30.5 30.5 30.5 30.5 23.7 
θcotd v (in) 138.73 103.39 103.39 103.39 103.39 138.73 
cV (kips) 123.99 111.90 111.90 111.90 111.90 123.99 
pV (kips) 0 0 0 0 0 0 
reqsV , (kips) 480.02 168.95 0.00 0.00 168.95 480.02 
yf (ksi) 69.2 69.2 69.2 69.2 69.2 69.2 
reqv )sA( (in2/in) 0.05000 0.02361 0.00000 0.00000 0.02361 0.05000 
Max space s 24 24 24 24 24 24 
Min sAv  0.01025 0.01025 0.00000 0.00000 0.01025 0.01025 
vA  (
2in ) 0.4 0.4 0.4 0.4 0.4 0.4 
s (in) 8 12 24 24 12 8 
sAv  (in2/in) 0.0500 0.0333 0.0167 0.0167 0.0333 0.0500 
cV (kips) 123.99 111.90 111.90 111.90 111.90 123.99 
sV (kips) 480.02 238.48 119.24 119.24 238.48 480.02 
pV (kips) 0 0 0 0 0 0 
nV (kips) 604.01 350.38 231.14 231.14 350.38 604.01 
nw (kips/ft) 32.06 40.00 - - 40.00 32.06 
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Figure A8.1-1 Elevation of Girder 8 Showing Reinforcement 
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Figure A8.1-2 Details of Reinforcement of Girder 8 
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Figure A8.1-3 Configuration of the aluminum slip plate 
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(b) 
Figure A8.3-1 Loading Pattern of West End Test (G8W)  
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Figure A8.3-2 Loading history of West End Test (G8W) 
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Figure A8.3-3 Loading Pattern of East End Test (G8E) 
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Figure A8.3-4 Loading History of East End Test (G8E) 
 
 
 
 
 A8-48
       West End                                                           Midspan                                                                   East End 
 
(a) Load Stage 1 (Load: 14.71 kips/ft) 
 
(b) Load Stage 2  (Load: 18.20 kips/ft,) 
 
(c) Load Stage 3  (Load: 21.50 kips/ft) 
 
(d) Load Stage 4  (Load: 23.65 kips/ft) 
 
(e) Load Stage 5  (Load: 26.44 kips/ft) 
 
(f) Load Stage 6 (Load: 27.90 kips/ft) 
 
(g) Load Stage 7 (Load: 32.70 kips/ft) 
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(h) Load Stage 8 (Load: 35.50 kips/ft) 
 
(i) Load Stage 9 (Load: 38.60 kips/ft) 
 
(j) Load Stage 10 (Load: 40.20 kips/ft) 
 
(j) Load Stage 11 (Load: 43.00 kips/ft) 
 
(j) Load Stage 12 (Load: 43.73 kips/ft) 
 
Figure A8.4-1 Crack patterns of Girder 8 
 
 
 
 A8-50
      
Figure A8.4-2 Diagonal Cracking of Girder 8 in Load Stage 1 
      
Figure A8.4-3 Diagonal Cracking of Girder 8 in Load Stage 2 
      
Figure A8.4-4 Diagonal Cracking of Girder 8 in Load Stage 3 
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Figure A8.4-5 Local crush in the West End(Load Stage 4) 
 
 
Figure A8.4-6 Local crush in the West End(Load Stage 5) 
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Local Crushing
 A8-52
 
Figure A8.4-7 Local crush in the West End(Load Stage 6) 
      
Figure A8.4-8 Crack Pattern  of Load Stage 6 
Local Crush
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Figure A8.4-9 Failure of West End of Girder 8 
                               
Figure A8.4-10 Repair of West End 
 
Figure A8.4-11 Repair of East End 
 
Crushing and slip
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Figure A8.4-12 Load stage 9( w = 38.59 kips/ft) 
 
 
Figure A8.4-13 Load stage 10 ( w = 40.22 kips/ft) 
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Figure A8.4-14 Before Failure (Load stage 12, w = 43.73 kips/ft) 
 
Figure A8.4-15 Failure of East End of Girder 8 
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Figure A8.5-1 Location of first cracks for East End (G8E) 
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Figure A8.5-2 Crack Angle Distribution at G8E 
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Figure A8.5-3 Load- Strain Curve of East End Region (G8E) 
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Figure A8.5-4 Strains of Shear Reinforcements of East End (G8E) 
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Figure A8.5-5 Concrete Strain Gages at East End 
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Figure A8.5-6 Concrete strains at East End 
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Figure A8.5-7 Vertical Deflections of East End Test 
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Figure A8.5-8 Longitudinal strains of East End Test 
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(b) 
Figure A8.5-9 Reinforcement Strains in Bottom Cage of G8E 
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G8E: : f΄c = 13.3 ksi; 2-#4@8, ρvfy = 557 psi; w = 43.73 kips/ft; R = 661.0 kips 
Figure A8.5-10 Failure Mode of G8E 
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Figure A8.6-1 Location of first cracks for East End (G8W) 
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Figure A8.6-2 Crack Angle Distribution at G8W 
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Figure A8.6-3 Shear Force versus Shear Strain Curve of West End Test (G8W) 
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Figure A8.6-4 Strains of Shear Reinforcements of West End (G8W) 
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Figure A8.6-5 Concrete Strain Gages at West End 
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Figure A8.6-6 Concrete strains at West End 
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Figure A8.6-7 Vertical deflections of the West End Test 
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Figure A8.6-8 Longitudinal Strains of West End Test 
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(b) 
Figure A8.6-9 Reinforcement Strains in Bottom Cage of G8W 
 
 
   
 
G8W: f΄c = 13.3 ksi; 2-#4@8, ρvfy = 557 psi; w = 32.70 kips/ft; R = 852.1 kips 
Figure A8.6-10 Failure Mode of G8W 
 
 
Figure A8.7-1 Target Numbers and Locations 
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Figure A8.7-2 Deformation of Zurich Grid at East Half of Girder 8 (Unit: mm, w = 43.00 kips/ft) 
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Figure A8.7-3 Deformation of Zurich Grid at West Half of Girder 8 (Unit: mm, w = 32.70 kips/ft)
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Figure A8.8-1 Surface strain of Girder 8 
 
Figure A8.8-2 Strain gages in confinement cage 
 
Figure A8.8-3 Gaged Stirrup 
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Figure A8.8-4 Targets distribution around plate 
 
 
Figure A8.8-5 Illustration of calculation on slip and opening  
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(a) Slip displacement along the plate (mm) 
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(b) Opening along the plate (mm) 
Figure A8.8-6 Slip and opening along the plate (mm) 
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Figure A8.8-7 Gaged stirrups in the plate region 
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Figure A8.9-1 Cross-Sectional Dimensions of Girder 8 
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Figure A8.9-2 Loading set-up 
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Figure A8.9-3 Tendon Profile of Girder 8 
 
0
2000
4000
6000
8000
10000
12000
14000
0 5 10 15 20 25 30 35 40 45 50
Distance From Left Support (ft)
M
om
en
t (
ki
p-
ft) Mu
Mn
 
Figure A8.9-4 Flexural Strength of Girder 8 
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Figure A8.9-5 Shear Design of Girder 8 
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A9 Presentation of Experimental Results for Girder 9 
 
A9.1 Introduction 
The objective of the tests on Girder 9 were to examine the maximum shear stress 
limitation '25.0 cfv =  set by the LRFD Specifications and the beneficial effect of splaying 
strands at the end of a member. The initial design of the girder was based on a specified concrete 
compressive strength of 8 ksi.  However, the measured strength of the concrete at the time of 
testing was 9.6 ksi. The East end of Girder 9 (G9E) was designed to fail under the expected 
maximum shear stress. In the East end critical region (G9E), #5 bar double-legged stirrups were 
spaced on 6.5 inch centers. In the West critical region (G9W), #5 bar double-legged stirrups were 
spaced on 4 inch centers. A total of 36 strands were used with 34 strands in the bottom bulb and 
two straight strands in the top flange. Of the 34 bottom strands, eight strands in the West end 
were draped starting 16 ft from the extreme end and terminating at the end of the girder at 
different depths within the web. Six 150 ksi prestressing bars were position at the bottom of the 
bulb and used to increase the flexural capacity. Figure A9.1-1 and A9.1-2 show the 
reinforcement layout. Girder 9 was designed to satisfy the requirements of the AASHTO LRFD 
Bridge Design Specifications 2nd Editions with 2001 Revisions and a summary of its design is 
provided in Section A9.9. 
A1.2 Measured Material Properties and Cross-Sectional Properties 
Girder 9 was cast on 08/23/2004 and the strands were released on 08/26/2004.  The girder 
was loaded until the East end failed on 09/29/2004 and then loaded until the West end 
approached failure on 11/05/2004. The measured cylinder compressive strength at time of test 
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was 9.6 ksi. Table A9.2-1 summarizes the measured material properties. Table A9.2-2 lists the 
properties of the cross section.  The composite section properties were computed based on the 
transformed slab width and using the calculated modulus of elasticity of the precast girder. 
A9.3 Loading History 
Girder 9 was loaded on September 29, 2004 until the East End (G9E) failed. After the 
East end was repaired and strengthened, the girder was reloaded on November 05, 2004 to obtain 
the West end failure.  
 A9.3.1 Test Load for East End (G9E)  
Girder 9 was loaded using 44 jacks distributed over the central 44 feet of the span. This 
loading was typical of the loading pattern used in most experiments and is shown in Figure A9.3-
1. The loading was 32.80 kips/ft when the East end failed with crushing and shear along the 
interface between the bottom of the web and the bulb.  Figure A9.3-1 shows the loading history 
for East end test. There were five loading stages in that test as identified on Figure A9.3-2. 
A9.3.2 Test Load for West End (G9W)  
After G9E was repaired, the girder was reloaded on November 05, 2004 to obtain a 
failure in the West end region. Several different loading patterns were employed in an effort to 
obtain a West end failure prior to failure in the East end region. In the final loading sequence, 18 
jacks on the East end were turned off and 5 additional yellow jacks were added in the West end, 
as shown in Figure A9.3-3. At a load of 37.19 kips/ft there was substantial local crushing in the 
West end of Girder 9 indicating that failure was imminent but the loading could not be continued 
beyond this point as the capacity in the East half of the girder was reached. The test records show 
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that kips/ft 32.22w5.0 yellow = when kips/ft 20.37w u = . Figure A9.3-4 shows the loading history 
for West end test.  There was only one load stage in this test. 
A9.3.3 Loading Stages 
A total of 6 load stages were taken over the duration of the test, as shown in Figures 
A9.3-2 and A9.3-4.  Table A9.3-1 lists the maximum load value for each load stage. Also listed 
in the Table A9.3-1 are the reaction forces RWest at the West support and REast at the east support, 
as well the mid-span moment MMid corresponding to that stage loading level. 
 A9.4 Behavior of Girder 9 
Figure A9.4-1 presents the development of cracking through the crack patterns that were 
measured at each load stage. Beneath each crack diagram is reported the associated maximum 
load value. Table A9.4-1 presents a summary of the development of cracking. For each load 
stage the maximum crack widths are presented for the web-shear zone (WS) and the flexure-
shear zone (FS) of both ends as well as the flexure cracks (F) in the bottom bulb. The crack 
widths are given in the measured units of mm. A description is now provided of the observed 
behavior of the girder at each load stage. 
(1) Load Stage 1 (w = 17.00 kips/ft) 
The first diagonal cracks occurred at the East end at a load of 16.00 kips/ft and at an 
angle of approximately 35 o. The maximum crack width at this stage was 0.30 mm. Figure A9.4-
2 shows a picture of the first diagonal cracking at the East end. There was no observed cracking 
at the West end.  
 (2) Load Stage 2 (w = 22.12 kips/ft) 
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Additional cracking occurred at the East end although the maximum crack width 
remained at 0.30 mm. Cracking on the West end occurred at a load of 21.60 kips/ft. Compared 
with the East end, the cracks at the West end were shorter and more discrete (Figure A9.4-3), 
with a maximum crack width of only 0.10 mm. Crack angles were about 35 degrees. Flexural 
cracking also occurred in the region of the middle of the span with maximum width of 0.10 mm. 
One of those cracks in the East end of the middle region grew sufficiently to develop into a 
flexure-shear crack. 
 (3) Load Stage 3 (w = 25.80 kips/ft) 
The development of web-shear cracks spread towards to the mid-span of the girder from 
both ends. Cracks in the East end were continuous and long, while cracks in the West end were 
discrete and short. The pictures in Figure A9.4-4 illustrate the difference. Many more of the 
flexural cracks around mid-span developed into flexure-shear cracks. 
(4) Load Stage 4 (w = 30.80) 
Web-shear cracking continued to develop in both ends of the girder with increasing load.  
Maximum crack widths of web shear cracks reached 0.20 mm at the West end and 0.30 mm at 
the East End. Flexure cracks at mid-span had maximum crack width of 0.20 mm. Maximum 
crack width of flexure shear cracks were higher than those of web shear cracks which reached 
0.45 mm at East End and 0.40 mm at West End. A horizontal splitting crack was observed at 
mid-depth of the bulb at the East end of the girder 9. See Figure A9.4-5.  
 (5) Load Stage 5 (w = 32.80 kips/ft) 
The East end failed at a load of 32.80 kips/ft with explosive crushing along the interface 
between the bottom of the web and the bottom bulb. Figure A9.4-6 shows that explosive 
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concrete crushing failure. Figure A9.4-7 illustrates the failure mechanism at the East end of the 
girder. The upper part of the girder slipped to the right along the interface between web and bulb. 
Stirrups crossing the interface at that end were bent and had yielded.  
 (6) Repair of East End 
Girder G9E was completely unloaded and strengthened at the East end with a 15-foot 
long cast-in-place diaphragm and external shear reinforcement. See Figure A9.4-8.  
(7) West End Test (Load Stage 6, w = 37.19 kips/ft) 
After the girder was strengthened at the East end, it was reloaded on Nov. 05, 2004 with 
18 jacks removed from the East end and extra 5 yellow jacks added at the West end. The testing 
with that loading pattern was halted at a loading of 37.19 kips/ft because the capacity on the East 
half of girder was reached. At the same time, local crushing was observed at the West end of the 
girder which suggested that the loading was within a few percent of that required to fail the West 
end. 
A9. 5 Experimental Results for East End Test (G9E) 
A9.5.1 Shear Cracking at East End 
(1) First  Web Shear Cracking Load and Angle of First Shear Cracking 
The first diagonal cracks occurred in the East end of the girder under a loading of 16.00 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 52.43=cby ) at an 
angle of 35 degrees and at a longitudinal distance of 66.96 inches from the extreme East end 
(54.96 inches from the center line of the East support). See Figure A9.5-1.  Table A9.5-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
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Web-shear cracking occurred at a shear force of VTest of 326.7 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 258.9 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.26. Table A9.5-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 35 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 27.9 degree, for a crack angle ratio of ӨTest/ӨMohr is 1.26.   
(2) Distribution of Shear Crack Angles 
Figure A9.5-2 presents the distribution of shear crack angles for the East half of Girder 9 
(G9E). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 23 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A9.5.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear 
strains of the end region. Those LVDTs were grouped into four rectangular rosettes, with two 
rosettes placed at the East end and two placed at the West End, as shown in Figure A9.5-3. 
LVDTs ED1 through ED6 were at the East End. The gage lengths of the LVDTs were all 48 
inches so the computed strain is the average strain over a distance of 48 inches.  From the two 
diagonal strains 1diagonalε  and 2diagonalε , the average shear strain γ of that region can be computed 
for each rosette as )( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses 
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obtained from those LVDTs are shown in Figure A9.5-3. Note the shear force V was calculated 
for the section at the center point of the rosette. The behavior until first shear cracking was linear 
with a stiffness of 0.77 kips/µs (ED1 and ED3). Under the failure load w = 32.80 kips/ft, the 
shear forces and shear strains are V = 721.6 kips, γ = 3439 µs (ED1 and ED3).  
A9.5.3 Stirrup Strains 
A total of 80 strain gages were placed on 20 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S11 through S20 were placed on East half, as shown in Figure 
A9.5-4. Figure A9.5-4 also presents the stirrup straining up to the peak load. Note that the values 
given are not the actual strains in the stirrups, but represent the change in strain resulting from 
the externally applied load since the gage readings were set to zero prior to loading. That said, 
the vertical strains in the stirrups due solely to the effects of prestressing have been measured in 
other girders and calculated by analyses to be very small. The stirrup yield strains were 
approximately 2250 micro-strain. Table A9.5-2 lists the stirrup strain for each gage under the 
peak load of 32.80 kips/ft.  None of the stirrups had yielded prior to the failure. 
A9.5.4 Concrete Strains at East End 
(1) Locations of Gages at East End 
A total of 16 concrete strain gages were attached at the East end as shown in Figure A9.5-
5. Eleven strain gages were on the web, designated as “E*” , were used for measuring diagonal 
compressive straining. The other five strain gages, designated by “EB*”, were located along the 
center of gravity of the strands and were used to record the strain changes in the bottom bulb. 
Table A9.5-3 lists the location and angle of inclination for each gage. 
(2) Concrete Strains at East End 
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The web strains recorded by the gages at East end are shown in Figure A9.5-6. Table 
A9.5-4 summarizes the peak strain for each gage under load 32.80 kips/ft. Note that the strain in 
gage E3 exceeded 2000 microstrain. It is also interesting to note the large increase in tensile 
strain in EB2 as the failure load was approached and also the increase in compressive strain in 
E1, directly above EB2, at the failure load.  Clearly there were significant shearing strains 
developing along the web to bulb interface at failure.  
A9.5.5 Strand Slip of East End (G9E) 
Strand slips were measured by the LVDTs attached to the strand and the girder at both 
ends of the girder.  Figure A9.5-7 shows the strand slip curve for East end test. The 
measurements did not show any slip until the load 32.50 kips/ft. After this point, significant slip 
was observed with increasing load. Further, the strand slip kept increasing even after unloading 
from peak load. The maximum slip was 0.012 inches.  
A9.5.6 Vertical Deflections During East End Test 
The deflections of the girder were also measured with LVDT at five locations, as shown 
in Figure A9.5-8. As seen from Figure A9.5-8, the deflections reached their maximum values 
under the peak load of 33.93 kips/ft. The maximum deflections were 0.192 inch (V1), 2.524 inch 
(V3), 1.723 inch (V4), and 0.240 inch (V5).  
A9.5.7 Longitudinal Strains During East End Test 
Longitudinal strains were measured using LVDTs that were attached to the girder at four 
different locations as indicated in the Figure A9.5-9. Note that the strain is an average strain over 
a distance of 48 inches. The longitudinal strains at peak load (32.80 kips/ft) were 266µs  (H1), 
2085µs  (H2), 149 µs  (H3) and -939 µs  (H4). The maximum compressive strain at mid-span of 
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H4 was 1239 µs . The maximum tensile strain in the bottom bulb at mid-span (H2, 2085µs ) 
corresponds to a prestress increment of ksi 4.5910208528500 6 =×× − , which means that the 
prestressed strands had not yielded at peak load since   168.2 + 59.4 = 227.6< fpy = 243.0 ksi.  
This result is also consistent with the shape of the load-deflection curve for gage V3 in Figure 
A9.5-8. 
A9.5.8 Reinforcement strains in the Bulb Confinement Cage at G9E 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end. A total of 10 strain gages were attached on the cage as 
shown in Figure A9.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gages 8-10 were located along the bottom bulb. Table A9.8-2 lists the detailed 
gage locations in the cage. Table A9.8-3 presents the sets of strain measurements taken before 
test.  
Figure A9.5-10(a) presents the measured longitudinal strains versus load for the 
confinement cage. All gages measured tensile straining with increasing load. At the failure load 
32.80 kips/ft, the measured tensile strains were 545 µs (gage 1), 1863 µs (gage 2),  246 µs (gage 
3) and 45 µs (gage 4). Figure A9.5-10(b) presents the measured transverse strains versus load for 
the confinement cage. During the end test gages 5 and 6 measured compressive straining while 
gage 9 measured tensile straining. At the failure load of 32.80 kips/ft the measured compression 
strains were -169 µs (gage 5) and -302 µs (gage 6), and the measured tensile strain of gage 9 was 
192 µs. 
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A9.5.9 Failure Mode of G9E 
When the external load reached 32.80 kips/ft, with a corresponding support reaction force 
of 721.6 kips, G9E failed in brittle manner due to base crushing. No stirrups yielded in the test. 
Just prior to failure, local crushing appeared at the web base just before the inner face of the 
support, along with splitting noises. Then there was a sudden brittle failure and concrete at the 
web base crushed and exploded from the surface. The failed zone extended 126 inches long from 
the end and up to 10 inches from the web-bulb interface, as shown in Figure A9.5-11. Strands 
and stirrups in the crushed zone were exposed and the top region had slid about 4 inches towards 
the end relative to the bottom bulb. Web shear cracks are fully developed before failure with 
average spacing of 4 inches. The maximum shear crack width was 0.50 mm and no visible shear 
slip was observed in the test. Strand slip occurred at the beginning of failure and reached 0.013 
inches when failure occurred. No damage was observed in the top flange and bottom bulb except 
for some cracks that extended into the support.  
A9.5.10 Ultimate Shear Capacity of G9E 
For the typical loading pattern, as shown in Figure A9.3-1, G9E failed when the 
distributed loading reached 32.80 kips/ft. This section compares the measured capacity with the 
capacities calculated using LRFD, STD and R2K. 
LRFD: Table A9.5-5 presents the calculated shear capacity by the LRFD specifications 
at the critical section that was x = 4.77 ft from the East support. The LRFD calculated shear 
capacity at the critical section is 733.1 kips, which corresponds to an external load of wLRFD = 
36.15 kips/ft for the same loading pattern as the test load. 
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R2K: For the same critical section at x = 4.77 ft from the East support, R2K predicts the 
nominal shear capacity as765.1 kips, which corresponds to an external load of wR2K = 37.83 
kips/ft for the same loading pattern as the test load.  
STD: Table A9.5-6 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support.  Then the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the East support. The shear capacity calculated using the AASHTO STD is 572.3 kips, 
which corresponds to an external load of wSTD = 26.52 kips/ft for the same loading pattern as the 
test load. Note that for the STD procedure the contribution of the transverse reinforcement is 
limited to 8√f’c bwd.  If this limitation is ignored the Vs contribution is 417.2 kips, Vn is 674.9 
kips and w = 31.27 kips/ft. 
Table A9.5-7 compares the measured capacity and the calculated capacities using LRFD, 
STD and R2K.  If the Vs limitation of the STD procedure is ignored the wtest/wSTD value is 1.05. 
A9. 6 Experimental Results for West End Test (G9W) 
A9.6.1 Shear Cracking at West End 
(1) First Web Shear Cracking at West End 
The first diagonal cracks occurred in the West end of the girder under a loading of 21.60 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 52.43=cby ) at an 
angle of 35 degrees and at a longitudinal distance of 63.48 inches from the extreme West end 
(51.48 inches from the center line of the West support). See Figure A9.6-1.  Table A9.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 447.8 kips, while the calculated 
 A9-12
AASHTO STD web-shear cracking load Vcw was 308.4 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.45. Table A9.6-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 35 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 26.7 degrees, for a crack angle ratio of ӨTest/ӨMohr is 1.31.   
(2) Distribution of Shear Crack Angles 
Figure A9.6-2 presents the distribution of shear crack angles for the West half of Girder 9 
(G9W). The longitudinal position of each crack is taken as the point that this crack crosses the 
centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 26 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A9.6.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of the web to measure the web shear strains of 
the end regions. Those LVDTs were grouped as four rectangular rosettes, with two rosettes 
placed at the East end and two placed at the West End, as shown in Figure A9.6-3. LVDTs WD1 
through WD6 were at the West End. The gage lengths of the LVDTs were all 48 inches so the 
computed strain is the average strain over a distance of 48 inches.  From the two diagonal strains 
1diagonalε  and 2diagonalε , the average shear strain γ of that region can be computed for each rosette 
as )( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear strain responses obtained from those 
LVDTs are shown in Figure A9.6-3. Note the shear force V was calculated for the section at the 
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center point of the rosette. The response was linear up to diagonal cracking and had measured 
stiffnesses of 0.67 kips/µs (WD1 and WD3) and 0.72 kips/µs (WD4 and WD6). Under the failure 
load w = 37.19 kips/ft, the shear forces and shear strains are V = 840.5 kips, γ = 3119 µs ( WD1 
and WD3 ) and V = 684.3 kips γ = 2658 µs (WD4 and WD6).  
A9.5.3 Stirrup Strains 
A total of 80 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S11 were placed on the West half part of the girder, as 
shown in Figure A9.6-4. Figure A9.6-4 also presents the development of stirrup straining up to 
the peak load. Note that the values given are not the actual strains in the stirrups, but represent 
the change in strain resulting from the externally applied load since the gage readings were set to 
zero prior to loading. That said, the vertical strains in the stirrups due solely to the effects of 
prestressing have been measured in other girders and calculated by analyses to be very small. 
The stirrup yield strains were approximately 2250 micro-strain. Table A9.6-2 lists the stirrup 
strain for each gage under the peak load of 37.19 kips/ft. No stirrups yielded prior to peak 
loading. 
A9.6.4 Concrete Strains at West End (G9W) 
(1) Locations of Gages at West End 
There were a total of eight strain gages at the West end.  As shown in Figure A9.6-5 six 
on the web, designated by “W*”’, and two on the bottom bulb, designated by “WB*”. All of 
those gages had counterparts at the East end of the girder. The locations and angles of inclination 
for each gage at the West end can be found in Table A9.6-3.  
(2) Concrete Strains of West End 
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The web strains measured by the gages at the West end are shown in Figure A9.6-6. 
Table A9.6-4 summarizes the peak strains for each gage under the ultimate load of 37.20 kips/ft. 
A9.6.5 Strand Slip of West End (G9W) 
The prestressed strands in the West bottom bulb had almost zero slip throughout the test.  
A9.6.6 Vertical Displacements During West End Test 
After completion of the East end test, gages V1 and V2 were removed and only the 
deflections for the West half (V3, V4, and V5) were measured. Figure A9.6-7 shows the load-
deflection curves for the West end Test. The deflections under the failure load (37.19 kips/ft) 
were 2.817 in. (V3), 1.941 in. (V4) and 0.264 in. (V5).  
A9.6.7 Longitudinal Strains During West End Test 
After the East End Test, longitudinal strains were measured only for the West half part of 
the girder. Figure A9.6-8 presents the longitudinal straining as measured at H2, H3 and H4 over 
a gage length of 48 inches. The longitudinal strains at peak load (37.19 kips/ft) were 1860µs  
(H2), 312 µs  (H3) and -897 µs  (H4). The maximum compressive strain at mid-span of H4 was 
897µs  The maximum tensile stress of the bottom bulb at mid-span (H2, 1860µs ) corresponds to 
a prestress increment of ksi 0.5310186028500 6 =×× − , which means that the prestressing strands 
at mid-span had not yielded prior to failure since . 168.2 + 53.0 = 221.1 ksi < 243.0 ksi. 
A9.6.8 Reinforcement strains in the Bulb Confinement Cage at G9W 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end of the girder. A total of 10 strain gages were attached on the 
cage, seen Figure A9.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
 A9-15
longitudinal strains, and the remaining gages, numbered 5 – 10, were for measuring transverse 
strains. Gages 5-7 were located on the inclined reinforcement near the top of the bottom bulb 
while gages 8-10 were located along the bottom bulb. Table A9.8-2 lists the detailed gage 
locations in the cage. Table A9.8-3 presents the sets of strain measurements taken before test.  
Figure A9.6-9(a) presents the measured longitudinal strains versus load for the 
confinement cage. All gages measured increasing tensile straining with increasing load. At the 
failure load 37.19 kips/ft, the measured tensile strains were 266 µs (gage 1), 977 µs (gage 2),  
548 µs (gage 3) and 178 µs (gage 4). Figure A9.6-9(b) presents the measured transversal strains 
versus load for the confinement cage. During the end test gages 5, 6 and 7 measured compressive 
strains while gages 8, 9 and 10 measured tensile strains. At the failure load 37.19 kips/ft the 
measured compression strains were -295 µs (gage 5) and -81 µs (gage 6), and the measured 
tensile strains were 211 µs (gage 8), 152 µs (gage 9) and 23 µs (gage 10). 
A9.6.9 Failure Mode of G9W 
G9W was tested with 18 jacks off on the East end and an additional 5 yellow jacks added 
on the West end. The test load was halted at 37.19 kips/ft with the additional 5 jacks providing 
22.32 kips/ft distributed load over 10 feet on the West end. The corresponding support reaction 
force was 840.7 kips. No final shear failure was obtaining on G9W but due to other signs, it was 
considered that the member was within a few percent of the failure failure. Figure A9.6-10 
presents the condition of the member at ultimate loading. Stirrups didn’t yield in the test. Local 
crushing was observed and the splitting noises from the concrete were heard. The average crack 
spacing was 78 mm under the peak load and the maximum shear crack width reached 0.30 mm. 
No visible shear slip was observed or strand slip was observed. Both the top flange and bottom 
bulb were not damaged in the test. 
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A9.5.10 Ultimate Shear Capacity of G9W 
For the special loading pattern shown in Fig. A9.3-3, G9W was considered to have 
reached close to its ultimate capacity when the distributed loading reached 37.19 kips/ft 
( kips/ft 32.22w5.0 yellow = ). This section compares the measured capacity with the capacities 
calculated using LRFD, STD and R2K.  
LRFD:  G9W was designed to be over-reinforced in shear therefore its nominal shear 
strength was given by kips 6.87686.40)04.58)(6)(6.9)(25.0(25.0 'max, =+=+= pvvcn VdbfV . 
For the test load kips/ft 19.37w u = and kips/ft 32.22w5.0 yellow = , the sectional forces at the 
location of x = 4.13 ft from the West support are:  
kips 9.795=uV and ft-kip 5.3415=uM . 
Therefore, the LRFD calculated capacity at the critical section is 876.6 kips, which corresponds 
to an external load of wLRFD = 40.97 kips/ft for the same loading pattern as the test load. Table 
A9.6-5 summarizes the LRFD predictions. 
R2K: For the same critical section at x = 4.13 ft from the West support, R2K predicts the 
nominal shear capacity as 1030.0 kips, which corresponds to an external load of wR2K = 48.14 
kips/ft under the same loading pattern as the test load.  
STD:  Table A9.6-6 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support.  Then the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the West support. The shear capacity calculated using the AASHTO STD at the critical 
section is 610.4 kips, which corresponds to an external load of wLRFD = 27.52 kips/ft under the 
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same loading pattern as the test load. Note that if the Vs restriction of 8√f’cbwd is ignored the 
STD predicted shear strength is 958.83 kips which corresponds to a distributed loading of 43.23 
kips/ft.  However, that result would imply that the stirrups in the West end would be yielding at 
failure and that was not the case.  However, the result does imply that a maximum nominal shear 
stress of 17.2√f’c rather than only 8√f’c can be developed.  
Table A9.6-7 compares the measured capacity and the calculated capacities using LRFD, 
STD and R2K. 
A9.7 Zurich Gage Measurements 
A total of 315 aluminum targets were glued to the surface of the web in square grids prior 
to loading to measure the surface deformations of the web of Girder 9.  Figure A9.7-1 shows the 
5-line and 63-column grid. The spacing between two adjacent targets was 10 in (254mm).  
Zurich Gage Measurement System was used to measure the change in distance between targets at 
different load levels during the experiment. Table A9.7-1 summarizes the load levels at which 
the Zurich measurement were taken. The first two sets of measurements were taken before test 
without superimposed loading for calibration and error assessment. Figures A9.7-2 and Figure 
A9.7-3 present the change in distance measured between the targets at the last measured stage.   
The value on the line segment is the deformation between those two targets. The unit of the 
deformation is millimeters (mm). 
A9.8 Measurements for Girder 9 Before Test 
Girder 9 was cast on August. 23, 2004, and the prestressing strands were released on 
August. 26, 2004. Strain and displacement measurements were taken before and after strand 
release to obtain the effects of strand release on the strains and internal deformations of the 
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girder. Another set of measurements was also taken on September 28, 2004, shortly before 
testing was begun on September 29, 2004.  The following sections present the measured strains 
and displacements.  
A9.8.1 Surface Deformations of Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 9 by 
distributing targets in both ends and near mid-span of the girder. The spacing between two 
measurement targets was 10 inches, but overlapping sets of targets were used that provided a 
measurement of average strain every 5 inches. The first target on each end was located 3 inches 
from that end.  Table A9.8-1 and Figure A9.8-1 present the detailed results of the surface strains 
for Girder 9. Figure A9.8-1 presents the strain distributions along the girder that were measured 
at the different dates listed in Table A9.8-1.  The plots have been organized so that the strain 
profile can be seen from the front elevation view perspective. The average compressive strains in 
the middle part of the girder after release and before testing were -676µε  and -1009µε , 
respectively. Thus the average prestress loss and the average effective prestress before testing 
can be estimated as ksi 0.3610126328500f 6Loss =××=∆ −  and  
ksi 5.1660.365.202fpe =−= . 
A9.8.2 Strains in Bottom Cages 
Ten strain gages were attached to the confinement cage.  Figure A9.8-2 shows their 
locations and identifiers. Table A9.8-2 lists the distance from the end of the girder to the location 
of each gage. Gages 1 through 4 were used for measuring longitudinal strains, while gages 5 
through 10 were used for measuring transverse strains in the confinement reinforcement.  The 
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detailed results of the strains for Girder 9 from the measurements at release are shown in the 
Table A9.8-3. 
A9.8.3 Strains in the Stirrups near the Ends of the Girder 
As a measure of the bursting strain at each end, the strains in the first gaged stirrups from 
each end were obtained. This stirrup was located 12 inches from the end of the girder. Figure 
A9.8-3 shows the gage locations and numbers. The detail results are listed in the Table A9.8-4. 
As expected, the largest straining is in Gage 1. However, none of the strains are large. 
A9.9 Design of Girder 9 
A9.9.1 Introduction 
Girder 9 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu, over a 50-foot simple span such that the shear stress at 
the face of the first critical shear section 0.5dvcotθ from the face of the support was equal to v = 
0.22 f′c = 0.22(9.5) = 2.09 ksi. A 42-inch wide and 10-inch deep slab was made composite with 
the girder. The member was designed to satisfy all of the requirements of the AASHTO LRFD 
Bridge Design Specifications 2nd Edition with 2001 Revisions. A brief summary of the design of 
Girder 9 is presented in this section. For a complete description of the design procedure, see 
Section A1.9 of Appendix A1. 
A9.9.2 Materials 
The material properties used in the design of Girder 9 are shown in Table A9.9-1 
A9.9.3 Cross-Sectional Properties 
Figure A9.9-1 presents the geometric dimension of the cross section and Table A9.9-2 
presents the cross-sectional properties. Since the girder and the slab had different concrete 
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strengths, the composite section properties were computed based on the transformed slab width 
and using the calculated modulus of elasticity of the precast girder. 
A9.9.4 Load and Tendon Profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A9.9-2. Figure A9.9-3 illustrates the strand profile of Girder 9.  
A9.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
Table A9.9-3 lists the calculated losses of prestress along the length girder. All locations 
are measured from the extreme end of the girder. The average calculated effective prestress 
stress at the end of the service life is ksi 4.131fpe = . 
A9.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
Concrete stresses immediately after transfer were calculated and are given in Table A9.9-
4. All locations in this table are measured from the extreme end of the girder. 
A9.9.7 Flexural Strength Design 
 Table A9.9-5 presents the flexural strength design for the design ultimate load 
of kips/ft 62.35w u = for selected locations of Girder 9. These locations are measured from the 
left support. Figure A9.9-4 also shows the moment envelope curves of design ultimate moment 
and nominal flexural strength.  
A9.9.8 Shear Design of Girder 9 
 The calculations for the shear design of Girder 9 are summarized in Table A9.9-6 and 
Figure A9.9-5.  
A9.9.9 Drawings of Girder 9 
Figure A9.9-6 through Figure A9.9-9 present the fabrication drawings for Girder 9.  
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Table A9.2-1 Measured Materials Properties of Girder 9 
Materials G9E & G9W 
Deck Slab  
Concrete strength, 'cf  6.0 ksi  
Modulus of elasticity of slab Ec 4,696 ksi 
Precast Girder  
Concrete strength, 'cf  9.6 ksi  
Strain at peak stress 'cε  0.0024 
Modulus of elasticity of Girder  5,940 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     168.2 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #5: 65.4 ksi (fy) , 100.2 ksi (fu) 
Dywidag :150 ksi (fy) , 187 ksi (fu) 
Others: 67.9 ksi (fy) , 102.5 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
  (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A9.2-2 Sectional Properties of Girder 9 
Cross-Section Properties G9E & G9W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.791 
Total transformed area of the composite section, Ac 1045 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 687,048 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
43.52 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
29.48 in 
Composite section modulus for the bottom, Sbc 15,787 in3 
Composite section modulus for the top, Stc 23,306 in3 
Weight of composite section 1.180 kip/ft 
 
Table A9.3-1 Load values for Load stages 
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 17.00 374.0 5236.0 374.0 
2 22.12 486.6 6812.1 486.6 
3 25.80 567.6 7946.4 567.6 
4 30.80 677.6 9486.4 677.6 
5* 32.80 721.6 10102.4 721.6 
6* 37.19 840.5 8441.6 349.6 
 ( * Load Stage of Failure ) 
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Table A9.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
17.90 0 0 0 0 0.3 
22.12 0.1 0.1 0.1 0.15 0.3 
25.80 0.15 0.3 0.15 0.3 0.3 
30.80 0.2 0.4 0.2 0.45 0.3 
32.80 0.2 0.4 0.3 0.45 0.5 
37.19 0.3 0.4 >0.30   
Table A9.5-1 First Web Shear Cracking and STD prediction of G9E 
End: G9E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 9.6 
Cracking Load w (k/ft) 16 
Cracking Section Location from support  (in) 54.96 
Neutral axis of composite section Ycb (in) 43.52 
Measured crack angle Testθ  (deg) 35 
Cracking shear force at section TestV  (kips) 326.7 
Area of Prestress strands pA  (in2) 7.812 
Effective prestress pef  (ksi) 168.2 
Total prestress force ppepe AfF =  (kips) 1314 
Centroid of strands from the bottom pe (in) 9.11 
Eccentricity of strands from the girder centroid ce (in) 23.01 
Distance between centroids of girder and composite section y (in) 11.4 
Self-Weight Moment Md  (k-ft) 122.7 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1007.8 
d (in) 66.88 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 258.9 
Ratio of cwTest VV 1.26 
Concrete Cracking Strength 'ct ff 4=  (psi) 391.9 
tpcMohr ffcot +=θ 1  1.89 
Mohrθ (deg) 27.9 
Ratio of MohrTest θθ  1.26 
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Table A9.5-2 Stirrup strains of East End (w = 32.80 kips/ft) 
Gage S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 
4 359 210 259 449 103 1233 1541 1073 125 -241 
3 265 612 768 265 246 1135 1525 1620 822 -182 
2 525 20 501 1016 958 466 N/A 1736 1499 -373 
1 362 262 1044 243 1675 866 391 760 1487 N/A 
 
Table A9.5-3 Concrete strain gage locations at East end 
No X Y θ  No X Y θ  No X Y θ  
E1 0.9 14.2 0 E7 25.0 31.4 41 EB1 -9.3 5.0 0 
E2 8.1 17.2 40 E8 37.3 31.8 45 EB2 0.1 5.0 0 
E3 15.9 16.6 35 E9 57.4 43.6 38 EB3 12.0 5.0 0 
E4 30.5 19.3 30 E10 68.6 41.0 38 EB4 23.7 5.0 0 
E5 45.6 20.4 33 E11 85.7 43.3 33 EB5 39.4 5.0 0 
E6 17.1 39.2 45   
 
Table A9.5-4 Concrete strains at East End under peak load 32.80 kips/ft (unit: sµ ) 
Gage E1 E2 E3 E4 E5 E6 E7 E8 
Strain 129 -1651 -2904 -713 -675 -866 -819 -714 
Gage E9 E10 E11 EB1 EB2 EB3 EB4 EB5 
Strain -820 -707 -648 68 2215 205 142 239 
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Table A9.5-5 LRFD Shear Prediction for G9E  
 Prediction 
Concrete Strength 'cf   (ksi) 9.6 
External Load uw (k/ft) 36.15 
Critical Section (ft) 4.72 
Shear Force uV (kips) 733.1 
Moment uM (k-ft) 3700.3 
Effective prestress pef  (ksi) 168.2 
ed (in) 66.88 
vd (in) 60.19 
'
cfv  0.2114 
1000x ×ε  -0.00439 
β  2.34 
θ  30 
yf (ksi) 65.4 
sAv  (in2/in) 0.62/6.5 
cV (kips) 82.7 
sV (kips) 650.4 
pV (kips) 0 
psc VVVV ++= (kips) 733.1 
pvv
'
cmax,n Vdbf.V += 250  (kips) 866.8 
Nominal Shear nV (kips) 733.1 
Nominal Load nw (kips/ft) 36.15  
Error nun w/|ww| −  0% 
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Table A9.5-6 STD Shear Prediction for G9E 
 STD Prediction 
Concrete Strength 'cf   (ksi) 9.6 
Test Load uw (k/ft) 32.80 
Critical Section (ft) 3.42 
d (in) 66.88 
Shear Force due to test load uV (kips) 707.8 
Moment due to test load uM (k-ft) 2465.0 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in2) 7.812 
Effective prestress pef  (ksi) 168.2 
Total prestress force ppepe AfF =  (kips) 1314.0 
Centroid of strands from the bottom pe (in) 9.11 
Eccentricity of strands from the girder centroid ce (in) 23.01 
Distance between centroids of girder and composite section y (in) 11.40 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 4316.1 
b
d
d S
M
f =  (psi) 92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 6330.2 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1866.8 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 997.8 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 257.7 
)V,Vmin(V cwcic = 257.7 
yf (ksi) 65.4 
sA v  (in
2/in) 0.62/6.5 
s
dfA
V yvs =  (kips) 314.6* 
scn VVV +=   (kips) 572.3 
Nominal Load STDw (kips/ft) 26.52 
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(* kips .dbfkips .
s
dfA
V w
'
c
yv
s 631482417 =>== , kips .Vs 6314= ) 
 
Table A9.5-7 Capacity comparison of prediction and test result of G9E 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G9E 32.80 36.15 37.83 26.52 0.91 0.87 1.24 
 
Table A9.6-1 First Web Shear Cracking and STD prediction of G9W 
End: G9W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 9.6 
Cracking Load w (k/ft) 21.6 
Cracking Section Location from support  (in) 51.48 
Neutral axis of composite section Ycb (in) 43.52 
Measured crack angle Testθ  (deg) 35 
Cracking shear force at section TestV  (kips) 447.8 
Area of Prestress strands pA  (in2) 7.812 
Effective prestress pef  (ksi) 168.2 
Total prestress force ppepe AfF =  (kips) 1314 
Centroid of strands from the bottom pe (in) 13.17 
Eccentricity of strands from the girder centroid ce (in) 18.95 
Distance between centroids of girder and composite section y (in) 11.4 
Self-Weight Moment Md  (k-ft) 115.2 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1160.2 
d (in) 64.52 
pV (kips) 40.86 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 308.4 
Ratio of cwTest VV 1.45 
Concrete Cracking Strength 'ct ff 4=  (psi) 391.9 
tpcMohr ffcot +=θ 1  1.99 
Mohrθ (deg) 26.7 
Ratio of MohrTest θθ  1.31 
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Table A9.6-2 Stirrup strains of West End (w = 37.19 kips/ft) 
 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
4 N/A -18 914 785 825 N/A 645 229 655 97 
3 -148 666 889 828 566 800 649 131 -85 -15 
2 -253 769 1224 891 877 751 374 717 61 -77 
1 -252 1372 911 721 761 898 343 679 -64 -94 
 
Table A9.6-3 Concrete strain gage locations at West end  
No X Y θ  No X Y θ  No X Y θ  
W1 7.8 16.7 42 W4 17.1 39.2 45 WB1 -6.6 5.0 0 
W2 17.5 17.3 38 W5 24.7 31.2 37 WB2 13.3 5.0 0 
W3 30.0 19.2 28 W6 36.7 30.1 35     
 
Table A9.6-4 Concrete strains of West End under failure load 42.85 kips/ft (Unit: sµ ) 
Gage W1 W2 W3 W4 W5 W6 WB1 WB2 
Strain -1167 -788 -1044 -1186 -730 -990 1 225 
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Table A9.6-5 LRFD Shear Prediction for G9W  
 Prediction 
Concrete Strength 'cf   (ksi) 9.6 
External Load uw (k/ft) 40.58(24.35) 
Critical Section (ft) 4.13 
Shear Force uV (kips) 868.2 
Moment uM (k-ft) 3761.6 
Effective prestress pef  (ksi) 168.2 
ed (in) 64.49 
vd (in) 58.04 
'
cfv  0.247 
1000x ×ε  0.499 
β  1.7 
θ  32.8 
yf (ksi) 65.4 
sAv  (in2/in) 0.62/4 
cV (kips) 58.0 
sV (kips) 912.9 
pV (kips) 40.86 
psc VVVV ++= (kips) 1011.8 
pvv
'
cmax,n Vdbf.V += 250  (kips) 876.6 
Nominal Shear nV (kips) 876.6 
Nominal Load nw (kips/ft) 40.97(24.59) 
Error nun w/|ww| −  0.9% 
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Table A9.6-6 STD Shear Prediction for G9W  
 STD Prediction 
Concrete Strength 'cf   (ksi) 9.6 
Test Load uw (k/ft) 37.19(22.32) 
Critical Section (ft) 3.42 
d (in) 64.30 
Shear Force due to test load uV (kips) 825.1 
Moment due to test load uM (k-ft) 2872.0 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 40.86 
Area of Prestress strands pA  (in2) 7.812 
Effective prestress pef  (ksi) 168.2 
Total prestress force ppepe AfF =  (kips) 1314.0 
Centroid of strands from the bottom pe (in) 13.49 
Eccentricity of strands from the girder centroid ce (in) 18.63 
Distance between centroids of girder and composite section y (in) 11.40 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi) 3845.0 
b
d
d S
M
f =  (psi) 92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 5710.4 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1680.6 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi) 1165.0 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 308.0 
)V,Vmin(V cwcic = 308.0 
yf (ksi) 65.4 
sA v  (in
2/in) 0.62/4 
s
dfA
V yvs =  (kips) 302.4* 
scn VVV +=   (kips) 610.4 
Nominal Load STDw (kips/ft) 27.52(16.51) 
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(* kips .dbfkips .
s
dfA
V w
'
c
yv
s 430288651 =>== , kips .Vs 4302= ) 
Table A9.6-7 Capacity comparison of prediction and test result of G9W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G9W 37.19 40.97 48.14 27.52 0.91 0.77 1.35 
Table A9.7-1 Loadings for Zurich reading 
Loading  (kips/ft) 0 25.80 30.80 32.80 37.19
Zurich Stage  1,2 3 4 5 6 
Table A9.8-1(a) Bulb surface strain of G9W 
G9W Strain(µε ) 
Release(08/26/04) 
Number 
Before After 09/28/04 
1-3 0 -351 -641 
2-4 0 N/A N/A 
3-5 0 -785 -1230 
4-6 0 -792 -1321 
5-7 0 -815 -1364 
6-8 0 -826 -1394 
7-9 0 N/A N/A 
8-10 0 -758 -1275 
9-11 0 -743 -1259 
10-12 0 -750 -1262 
11-13 0 -735 -1311 
Table A9.8-1(b) Bulb surface strain of G9M 
G9M Strain(µε ) 
Release(086/26/04) 
Number 
Before After 09/28/04 
C1-C3 0 -654 -1334 
C2-C4 0 -674 -1185 
C3-C5 0 -661 N/A 
C4-C6 0 -655 -1255 
C5-C7 0 -619 -1279 
C6-C8 0 N/A N/A 
C7-C9 0 -697 N/A 
C8-C10 0 -708 N/A 
C9-C11 0 -710 N/A 
C10-C12 0 -702 N/A 
C11-C13 0 -679 N/A 
Average 0 -676 -1263 
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Table A9.8-1(c) Bulb surface strain of G9E 
G9E Strain(µε ) 
Release(08/26/04) 
Number 
Before After 09/28/04 
1-3 0 -342 -676 
2-4 0 -633 -1057 
3-5 0 -753 -1250 
4-6 0 -885 -1426 
5-7 0 -1017 -1673 
6-8 0 -858 -1483 
7-9 0 -844 -1469 
8-10 0 -878 -1551 
9-11 0 -894 -1471 
10-12 0 -888 -1455 
11-13 0 -910 -1596 
 
Table A9.8-2 Strain gage location in confinement cage 
Gage Number 1 2 3 4 5 6 7 8 9 10 
Distance from the end(in) 10 20 30 40 7 22 32 7 22 32 
 
Table A9.8-3: Strains in Confinement Cages (µε ) 
G9E G9W 
Release(08/26/04) Release(08/26/04) Gage 
before After 
Gage 
before After 
1 0 -240 1 0 -170 
2 0 -877 2 0 -714 
3 0 -1134 3 0 -929 
4 0 -1031 4 0 -826 
5 0 97 5 0 435 
6 0 246 6 0 146 
7 0 243 7 0 N/A 
8 0 -52 8 0 329 
9 0 182 9 0 584 
10 0 223 10 0 461 
 
Table A9.8-4 Strains in the first gaged stirrup  
G9E G9W 
Release(08/26/06) Release(08/26/04) Gage 
before After 
Gage 
before After 
1 0 - 1 0 196 
2 0 61 2 0 117 
3 0 64 3 0 39 
4 0 94 4 0 - 
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Table A9.9-1 Material Characteristics of Girder and Deck Slab (Design Value) 
Materials G9E & G9W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  8.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 5,422 ksi 
Precast Girder  
Concrete strength at release, 'cif  6.8 ksi 
Concrete strength at 28 days, 'cf  8.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 4,999 ksi  
Modulus of elasticity of Girder  5,422 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #4 : 67.9 ksi 
#5 : 65.4 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A9.9-2 Sectional properties of Girder 9 (Design Value) 
Cross-Section Properties G10E & G10W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 1.00 
Total transformed area of the composite section, Ac 1,133 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 736,400 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
45.42 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
27.58 in 
Composite section modulus for the bottom, Sbc 16,213 in3 
Composite section modulus for the top, Stc 26701 in3 
Weight of composite section 1.18 kip/ft 
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Table A9.9-3 Prestress losses along the girder 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 18.09 19.22 21.12 23.01 23.01 23.01 23.01 23.01 23.01 23.01 23.01 
pESf∆ (ksi) 18.18 18.83 20.01 21.34 21.24 21.20 21.24 21.34 21.50 21.73 21.91 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 38.19 39.43 41.73 44.35 44.06 43.96 44.06 44.35 44.83 45.51 46.01 
2pRf∆ (ksi) 1.14 0.98 0.70 0.39 0.42 0.43 0.42 0.39 0.34 0.27 0.22 
 pTf∆  (ksi) 64.01 65.74 68.95 72.57 72.21 72.09 72.21 72.57 73.17 74.01 74.63 
pef (ksi) 138.5 136.8 133.6 129.9 130.3 130.4 130.3 129.9 129.3 128.5 127.9 
 
Table A9.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49 
bf (ksi) -4.10 -4.17 -4.30 -4.44 -4.41 -4.41 -4.41 -4.44 -4.48 -4.54 -4.58 
tf (ksi) -0.02 0.06 0.21 0.37 0.35 0.34 0.35 0.37 0.42 0.48 0.52 
1.2T(kips) 0.00 1.36 15.54 45.53 40.10 38.34 40.10 45.53 54.88 68.37 78.53 
 
 
Table A9.9-5 Flexural Strength of Girder 9 ( kips/ft 62.35w u = ) 
Location(ft) 5 10 15 20 25 30 35 40 45 
uM (k-ft) 4007.3 7124.0 9350.3 10686.0 11131.2 10686.0 9350.3 7124.0 4007.3 
c (in) 10.01 10.01 10.01 10.36 10.36 10.36 10.01 10.01 10.01 
ed (in) 61.82 63.41 65.82 66.44 66.44 66.44 65.82 65.01 65.01 
ed/c  0.162 0.158 0.152 0.156 0.156 0.156 0.152 0.154 0.154 
psf (ksi) 257.4 257.8 258.2 257.7 257.7 257.7 258.2 258.2 258.2 
nM (k-ft) 11303.3 11634.6 14020 16039.5 16039.5 16039.5 14020 11966.1 11966.1
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Table A9.9-6 Shear Design of Girder 9 ( ksi 4.131fpe = ) 
 G9W G9E 
X (ft) 4.55 
(4.55) 
12.34 
(12.34) 
19.81 
(19.81) 
29.57 
(20.43) 
37.08 
(12.92) 
45.18 
(4.82) 
uw (k/ft) 35.62 35.62 35.62 35.62 35.62 35.62 
uV (kips) 728.4 450.9 184.9 162.8 430.3 718.8 
uM (k-ft) 3683.1 8276.7 10651.5 10759.3 8532.3 3878.4 
ed (in) 65.77 67.34 68.47 68.47 68.10 67.60 
vd (in) 59.19 60.61 61.62 61.62 61.29 60.84 
'
cfv  0.245 0.144 0.062 0.055 0.146 0.246 
1000x ×ε  0.03272 0.52276 0.60502 0.60830 0.56118 0.00093 
β  2.12 2.21 2.38 2.38 2.21 2.33 
θ  30.6 34.9 33.7 33.7 34.9 29.7 
θcotd v (in) 100.1 86.9 92.4 92.4 87.9 106.7 
cV (kips) 67.29 71.83 78.65 78.65 72.63 76.02 
pV (kips) 31.92 31.92 0.00 0.00 0.00 0.00 
reqsV , (kips) 629.2 347.2 106.2 84.1 357.7 642.8 
yf (ksi) 65.4 65.4 65.4 65.4 65.4 65.4 
reqv )sA( (in2/in) 0.0961 0.0611 0.0176 0.0139 0.0622 0.0922 
Max space s 23.6758 12 24 24 12 12 
Min sAv  0.0082 0.0082 0.0082 0.0082 0.0082 0.0082 
vA  (
2in ) 0.62 0.4153 0.4153 0.4153 0.4153 0.62 
s (in) 4 7.5 24 24 7.5 6.5 
sAv  (in2/in) 0.1550 0.0554 0.0173 0.0173 0.0554 0.0954 
cV (kips) 67.29 71.83 78.65 78.65 72.63 76.02 
sV (kips) 1014.55 314.64 104.57 104.57 318.15 665.35 
pV (kips) 31.92 31.92 0.00 0.00 0.00 0.00 
nV (kips) 742.2* 418.4 183.2 183.2 390.8 730.1* 
nw (kips/ft) 36.29 33.05 35.30 40.09 32.35 36.18 
( * Note: kips 2.74292.31)19.59)(6)(8)(25.0(Vdbf25.0)W9G(V pvv
'
cmax,n =+=+=  
             kips 1.7300)84.60)(6)(8)(25.0(Vdbf25.0)E9G(V pvv
'
cmax,n =+=+=     ) 
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Figure A9.1-1 Elevation of Girder 9 Showing Reinforcement 
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                                         (a) Section View                            (b) Strand Pattern 
Figure A9.1-2 Details of Reinforcement of Girder 9 
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Figure A9.3-1 Loading Pattern of East End Test (G9E) 
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Figure A9.3-2 Loading history of East End Test (G9E) 
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Figure A9.3-3 Loading Pattern of West End Test (G9W)  
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Figure A9.3-4 Loading history of West End Test (G9W) 
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       West End                                                           Midspan                                                                   East End 
 
(a) Load Stage 1 (Load: 17.00 kips/ft) 
 
(b) Load Stage 2  (Load: 22.12 kips/ft) 
 
(c) Load Stage 3  (Load: 25.80 kips/ft) 
 
(d) Load Stage 4  (Load: 30.80 kips/ft) 
 
(e) Load Stage 5  (Load: 32.80 kips/ft) 
 
(f) Load Stage 6 (Load: 37.19 kips/ft) 
 
Figure A9.4-1 Crack patterns of Girder 9 
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Figure A9.4-2 Diagonal Cracking at the East End of Girder 9 
 
 
Figure A9.4-3 Diagonal Cracking at the West End of Girder 9 
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Figure A9.4-4(a) Diagonal Cracking at the East End of Girder 9 
 
 
Figure A9.4-4(b) Diagonal Cracking at the West End of Girder 9 
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Figure A9.4-5 concrete split along strands at the East End of Girder 9 
 
Figure A9.4-6 concrete crushed at East End of Girder 9 
 
Concrete splitting
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Figure A9.4-7 Failure model at East End of Girder 9 
 
Figure A9.4-8 East End Repair of Girder 9 
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Figure A9.4-9 Local crushes at West End of Girder 9 
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Figure A9.5-1 Location of first cracks for East End (G9E) 
Local Crush 
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Figure A9.5-2 Crack Angle Distribution at G9E 
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Figure A9.5-3 Shear Force versus Shear Strain Curve of East End Region (G9E) 
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Figure A9.5-4 Strains of Shear Reinforcements of East End (G9E) 
 
0
5
10
15
20
25
30
35
-200 0 200 400 600 800
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 2
 Gage 4
 Gage 1
 
0
5
10
15
20
25
30
35
-200 0 200 400 600 800 1000 1200
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 4
 Gage 2
 Gage 1
0
5
10
15
20
25
30
35
-200 0 200 400 600 800 1000 1200
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 2
 Gage 1
 Gage 4
 Gage 2
Stirrup 12 (S12) Stirrup 13 (S13) Stirrup 14 (S14) 
0
5
10
15
20
25
30
35
-500 0 500 1000 1500 2000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 2
 Gage 1
 Gage 3
 Gage 4
 
0
5
10
15
20
25
30
35
-500 0 500 1000 1500
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 4
 Gage 1
 Gage 3
 Gage 2
0
5
10
15
20
25
30
35
-500 0 500 1000 1500 2000
Strain (x10-6)
U
ni
fo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 3
Gage 4
 Gage 4
 Gage 1
 Gage 3
Stirrup 15 (S15) Stirrup 16 (S16) Stirrup 17 (S17) 
0
5
10
15
20
25
30
35
-500 0 500 1000 1500 2000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 2
 Gage 1
 Gage 3
 Gage 4
 
0
5
10
15
20
25
30
35
-500 0 500 1000 1500 2000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 1
 Gage 4
 Gage 2
 Gage 3
0
5
10
15
20
25
30
35
-500 -400 -300 -200 -100 0 100
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 4
 Gage 2
Stirrup 18 (S18) Stirrup 19 (S19) Stirrup 20 (S20)
 A9-47
E2
EB1EB2
E1
E3
E4E5
E6
E7E8
E9E10E11
EB3EB4EB5
Y
X  
Figure A9.5-5 Concrete Strain Gages at East End 
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Figure A9.5-6 Concrete strains at East End 
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Figure A9.5-7 Strand slips of East End  
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Figure A9.5-8 Vertical Deflections of East End Test 
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Figure A9.5-9 Longitudinal Strains of East End Test 
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(b) 
Figure A9.5-10 Reinforcement Strains in Bottom Cage of G9E 
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G9E: :  f΄c = 9.6 ksi; 2-#5@6.5, ρvfy = 1040 psi; w = 32.80 kips/ft; R = 721.6 kips
Figure A9.5-11 Failure Mode of G9E 
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Figure A9.6-1 Location of first cracks for West End (G9W) 
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Figure A9.6-2 Crack Angle Distribution at G9W 
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Figure A9.6-3 Shear Force versus Shear Strain Curve of West End Test (G9W) 
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Figure A9.6-4 Strains of Shear Reinforcements of West End (G9W) 
0
5
10
15
20
25
30
35
40
-200 0 200 400 600 800 1000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 2
 Gage 1
 Gage 4
 
0
5
10
15
20
25
30
35
40
-200 0 200 400 600 800 1000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 2
 Gage 4
 Gage 1
 Gage 3
0
5
10
15
20
25
30
35
40
-200 0 200 400 600 800 1000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
 Gage 2
 Gage 3
 Gage 1
Stirrup 4 (S4) Stirrup 5 (S5) Stirrup 6 (S6) 
0
5
10
15
20
25
30
35
40
-200 0 200 400 600 800 1000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 2
 Gage 1
 Gage 4
 
0
5
10
15
20
25
30
35
40
-600 -300 0 300 600 900 1200
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 2
 Gage 1
 Gage 4
0
5
10
15
20
25
30
35
40
-500 0 500 1000 1500 2000
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 3
 Gage 2
 Gage 1  Gage 4
Stirrup 7 (S7) Stirrup 8 (S8) Stirrup 9 (S9) 
0
5
10
15
20
25
30
35
-200 -100 0 100 200 300
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 2
 Gage 3
 Gage 1
 Gage 4
 
0
5
10
15
20
25
30
35
-200 0 200 400 600
Strain (x10-6)
Un
ifo
rm
 L
oa
d 
(k
ip
/ft
)
Gage 1
Gage 2
Gage 3
Gage 4
 Gage 1
 Gage 2
 Gage 3
 Gage 4
 
Stirrup 10 (S10) Stirrup 11 (S11)  
 A9-53
X
Y
WB1
W1 W2
W3
W4
W5 W6
WB2
 
Figure A9.6-5 Concrete Strain Gages at West End 
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Figure A9.6-6 Concrete strains at West End 
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Figure A9.6-7 Vertical deflections of the West End Test 
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Figure A9.6-8 Longitudinal Strains of West End Test 
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(b) 
Figure A9.6-9 Reinforcement Strains in Bottom Cage of G9W 
 
     
 
G9W: f΄c = 9.6 ksi; 2-#5@4, ρvfy = 1690 psi; w = 37.19 (22.32) kips/ft; R = 840.7 kips
Figure A9.6-10 Failure Mode of G9W 
 
 
Figure A9.7-1 Target Numbers and Locations 
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Figure A9.7-2 Deformation of Zurich Grid at East Half of Girder 9 (Unit: mm, w = 32.80 kips/ft) 
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Figure A9.7-3 Deformation of Zurich Grid at West Half of Girder 9 (Unit: mm, w = 37.19 kips/ft) 
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Figure A9.8-1 Surface strain of Girder 9 
 
 
Figure A9.8-2 Strain gages in confinement cage 
 
 
 
Figure A9.8-3 Gaged Stirrup 
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Figure A9.9-1 Cross-Sectional Dimensions of Girder 9 
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Figure A9.9-2 Loading set-up 
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Figure A9.9-3 Tendon Profile of Girder 9 
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Figure A9.9-4 Flexural Strength of Girder 9 
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Figure A9.9-5 Shear Design of Girder 9 
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A10 Presentation of Experimental Results for Girder 10 
 
A10.1 Introduction 
The objectives of the tests on Girder 10 were to investigate the influence of strand 
debonding and of splayed draping of strands on shear performance and the behavior of girder 
end regions. Girder 10 was designed for a shear stress of 1.6 ksi at the first critical shear section 
from each support and to be cast with concrete with a specified concrete compressive strength of 
16 ksi. The same size and spacing of shear reinforcement was used on both halves of the girder 
and this consisted of #5 doubled legged deformed bars at 9 inch spacings in the regions of 
highest shear stress. A total of 36 strands were used, 34 strands in the bottom bulb and 2 straight 
strands in the top flange. Within the 34 bottom strands, 8 strands on the East end (G10E) were 
debonded in 4 groups with debonded length of 3 feet, 6 feet, 9 feet and 12 feet. On the West end 
(G10W), 8 strands were draped and they terminated over the entire depth of the web at the West 
end of the girder. Figures A10.1-1 and A10.1-2 present the reinforcement layout. Girder 10 was 
designed to satisfy the requirements of the LRFD Bridge Design Specifications 2nd edition with 
2001 Revisions and a summary of this design is provided in Section A10.9. 
A1.2 Measured Material Properties and Cross-Sectional Properties 
Girder 10 was cast on 08/23/2004 and the strands were released on 08/26/2004. The 
Girder was loaded until the East end failed on 06/29/2005 and then was loaded until the West 
end failed on 07/11/2005. Unlike in previous nine castings, the cylinder compressive strength of 
the delivered concrete was well below the specified value and was only 10.6 ksi at time of testing. 
Table A10.2-1 summarizes the measured material properties. Table A10.2-2 presents the 
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properties of the cross-section. The composite section properties were computed based on the 
transformed slab width and using the calculated modulus of elasticity of the precast girder. 
A10.3 Loading History 
Girder 10 was loaded on June 29, 2005 until the East End (G10E) was close to failure. 
After the East End was repaired and strengthened, the girder was reloaded on July 11, 2005 to 
obtain the West end failure.  
 A10.3.1 Test Load for East End (G10E)  
Girder 10 was first loaded on June 29, 2005 using 44 jacks distributed over the center 44 
feet of the span. This loading was typical of the loading pattern used in most experiments and is 
shown in Figure A10.3-1. The loading was 33.93 kips/ft when significant strand slip was 
observed on the East end and other factors indicated that failure was imminent. The girder was 
quickly unloaded and believed just in time to avoid the characteristic brittle shear compression 
failure. This was done to enable significant strengthening of this region so that the girder could 
be reloaded until a shear failure was produced at the West end. The entire loading history is 
shown in Figure A10.3-2. There were eight loading stages in this test as identified on Figure 
A10.3-2.  
A10.3.2 Test Load for West End (G10W)  
After the East end test, mono-strands anchors were used on the end of each strand to 
prevent strand slip and then a 12-foot long diaphragm was cast between the bottom bulb and top 
flange and then this region was vertically post-tensioned. G10 was then reloaded on July 11, 
2005 until the West end (G10W) failed under a distributed loading of 42.85 kips/ft. The double 
acting green jack on the very East end stopped function partway through the test but this had 
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little influence on the behavior at the Wed end. Figure A10.3-3 presents the loading pattern and 
Figure A10.3-4 shows the loading history for West end test. Loading stages 9~12 are also 
indicated. 
A10.3.3 Loading Stages 
As identified in the loading history curves, a total of 12 load stages were taken over the 
duration of the test. Table A10.3-1 lists the maximum load value for each load stage. Also listed 
in the Table A10.3-1 are the reaction forces RWest at the West support and REast at the East 
support, as well the mid-span moment MMid corresponding to that stage loading level. 
A10.4 Behavior of Girder 10 
Figure A10.4-1 shows the crack pattern that was measured at each load stage. Beneath 
each crack diagram is reported the associated maximum load value. Table A10.4-1 presents a 
summary of the development of cracking. For each load stage the maximum crack widths are 
presented for the web-shear zone (WS) and the flexure-shear zone (FS) of both ends as well as 
the flexure cracks (F) in the bottom bulb. The crack widths are given in the measured units of 
mm. In the bottom bulb of the girder, large high-strength deformed bars were included to ensure 
an adequate factor of safely against a flexural failure. These bars terminated before the ends of 
the girders. To prevent splitting of the bottom bulb due to forces generated by the bending of 
these large diameter bars under positive bending – as had occurred in Girder 9, FRP sheets were 
attached on the bottom bulb before testing with the axis of stiffness of the FRP sheets 
perpendicular to the longitudinal axis of the girder, as shown in Figure A10.4-2. 
A description is now provided of the observed behavior of the girders at each load stage. 
 (1) Load Stage 1 (w = 15.84 kips/ft) 
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The first diagonal cracks occurred at the East end at a load of 15.57 kips/ft and an angle 
of approximately 35 degrees. Upon increasing the load to 15.84 kips/ft, another end region crack 
occurred at an angle of approximately 31 degrees. The maximum crack width at this stage was 
0.30 mm. There was no observed cracking at the West end. Figure A10.4-3 shows the diagonal 
cracking at the East end at Load Stage 1.  
 (2) Load Stage 2 (w = 20.21 kips/ft) 
Additional web shear cracking occurred at the East end and the maximum crack width 
reached 0.40 mm. Cracking on the West end occurred at a load of 19.30 kips/ft and at an angle of 
35 degrees. The maximum crack width was 0.20 mm. Figure A10.4-4 presents the state of 
cracking at Load Stage 2 at both the West and East ends.  
 (3) Load Stage 3 (w = 22.54 kips/ft) 
As shown in Figure A10.4-5, additional diagonal cracking developed and existing cracks 
increased in width to a maximum width of 0.45 mm (G10E) and 0.30 mm (G10W). Flexural 
cracking also occurred during this loading stage in the region of the middle of the girder. 
(4) Load Stage 4 (w = 23.91 kips/ft) 
Diagonal shear cracking at both ends continued to develop with increasing load. 
Maximum crack widths reached 0.45 mm (G10E) and 0.30 mm (G10W), as shown in Figure 
A10.4-6.  
 (5) Load Stage 5 (w = 26.43 kips/ft) 
The development of web-shear cracks spread towards to the mid-span of the girder from 
both ends. As shown in Figure A10.4-7, slip was observed along cracks in the East end in the 
direction of action of the anchored prestressing force in the bottom bulb.   
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 (6)  Load Stage 6 (w = 29.12 kips/ft) 
The first sign of local crushing at the East end was observed, accompanied with local 
concrete spalling from the surface, as shown in Figure A10.4-8.  Slip along crack became much 
clearer at the East End.  
 (7)  Load Stage 7 (w = 31.59 kips/ft) to Load Stage 8 (w = 33.93 kips/ft) 
With load increasing, local crushing and concrete slip continued to progress, as shown in 
Figure A10.4-9. Significant strand slip started to occur when the distributed load was in excess 
of 32.5 kips/ft. Based on previous experience with this type of behavior, this was considered to 
reliably indicate that an impending failure was imminent. To prevent a brittle failure at the East 
end, the loading was reduced after a peak of 33.93 kips/ft had been reached.  
8)  Repair of East end 
G10E was then completely unloaded and strengthened with the use of an 11 foot long 
diaphragm and external shear reinforcement. See Figure A10.4-10. This was done in order to 
permit loading of the girder beyond the previous level so that a shear failure in the West end could 
be obtained.  
 (9)  West End Test (Load Stage 9 to Load Stage 12) 
After Girder 10 was strengthened in East end, it was reloaded again on July 11, 2005. 
The last double-acting jack on very East end of this loading because of oil leaking. The West end 
failed in an explosive manner at the load of 42.85 kips/ft. During the loading procedure, the 
flexure-shear cracks right close to draping points were getting wider and wider, increasing from 
0.75 mm (load stage 9, 33.68 kips/ft ) to 1.0 mm (load stage 11, 38.56 kips/ft). Slip along shear 
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was clear, followed by local crushing and brittle failure. Figure A10.4-11 through Figure A10.4-
14 illustrate these stages in the progression of failure. 
 A10. 5 Experimental Results for East End Test (G10E) 
A10.5. Shear Cracking at East End 
(1) First Web Shear Cracking at East End 
The first diagonal cracks occurred in the East end of the girder under a loading of 15.57 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 74.42=cby ) at an 
angle of 35 degrees and at a longitudinal distance of 63.48 inches from the extreme East end 
(51.48 inches from the center line of the East support). See Figure A10.5-1.  Table A10.5-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 322.6 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 250.8 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.29. Table A10.5-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 35 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 29.2 degree, for a crack angle ratio of ӨTest/ӨMohr is 1.20.   
(2) Distribution of Shear Crack Angles 
Figure A10.5-2 illustrates the distribution of shear crack angles for the East half of Girder 
10 (G10E). The longitudinal position of each crack is taken as the point that this crack crosses 
the centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 23 
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degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
A10.5.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface of web to measure the web shear 
strains of the end regions. Those LVDTs were grouped into four rectangular rosettes, with two 
rosettes placed at the East end and two placed at the West End, as shown in Figure A10.5-3. 
The gage lengths of the LVDTs were all 48 inches so the computed strain is the average strain 
over a distance of 48 inches. From the two diagonal strains 1diagonalε  and 2diagonalε , the average 
shear strain γ of that region can be computed for each rosette as )( 2diagonal1diagonal ε−ε=γ . Figure 
A10.5-3 gives the shear force versus shear strain curve for east end region. Note the shear force 
V was calculated for the section at the center point of the rosette. The response was linear up 
until first cracking and had a measured stiffness of 0.69 kips/µs (ED1 and ED3). Under the 
failure load w = 33.93 kips/ft, the shear forces and shear strains are V = 746.5 kips, γ = 4521 µs 
(ED1 and ED3).  
A10.5.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S9 through S16 were placed on East half, as shown in Figure 
A10.5-4. Figure A10.5-4 also presents the development of stirrup straining up to the peak load. 
Note that the values given are not the actual strains in the stirrups, but represent the change in 
strain resulting from the externally applied load since the gage readings were set to zero prior to 
loading. That said, the vertical strains in the stirrups due solely to the effects of prestressing have 
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been measured in other girders and calculated by analyses to be very small. The stirrup yield 
strains are approximately 2300 micro-strain. Table A10.5-2 lists the stirrup strain for each gage 
under the peak load of 33.93 kips/ft. 
A10.5.4 Concrete Strains at East End 
(1) Locations of Gages at East End 
Ten concrete strain gages on the web, designated as “E*”, were used for measuring 
diagonal compression, as shown in Figure A10.5-5. All of their positions corresponded to the 
position of West End gages. Table A10.5-3 lists the location and angle of inclination for each 
gage. 
 (2) Concrete strains at East End 
The web strains recorded by the gages at the East end are shown in Figure A10.5-6. Table 
A10.5-4 summarizes the values of peak strain for each gage at a loading of 33.93 kips/ft. 
  A10.5.5 Strand Slip of East End (G10E) 
Strand slips were measured by LVDTs attached to the strand and the girder at both ends 
of the girder. Figure A10.5-7 shows the strand slip curve for the East end. The measurement did 
not show any slip until the load 32.50 kips/ft. After this point, significant slip was observed with 
increasing load. Further, the strand slip kept increasing even after unloading from peak load. The 
maximum slip was 0.012 inches.  
A10.5.6 Vertical Deflections During East End Test 
The deflections of the girder were also measured with LVDT at five locations, as shown 
in Figure A10.5-8. As seen from Figure A10.5-8, the deflections reached their maximum values 
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under the peak load of 33.93 kips/ft. The maximum deflections are 0.191 inch (V1), 2.604 inch 
(V3), 1.763 inch (V4), and 0.227 inch (V5).  
A10.5.7 Longitudinal Strains During East End Test 
Longitudinal strains were measured using LVDTs that were attached to the girder at four 
different locations as indicated in the Figure A10.5-9 over a gage length of 48 inches. The 
longitudinal strains at peak load (33.93 kips/ft) were 333µs  (H1), 2380µs  (H2), 103 µs  (H3) 
and -1239 µs  (H4). The maximum compressive strain at mid-span of H4 was 1239 µs . The 
maximum tensile strain in the bottom bulb at the mid-span (H2, 2380µs ) corresponds to a 
prestress increment of ksi 83.6710238028500 6 =×× − , which means that the prestressed strands 
were close to their yield stress for  ksi 0.243f ksi 53.2417.17383.67 py =≈=+ . Note that H1 has 
higher tensile strains values than did H4 which was expected since some strands were debonded 
in the East end.  
A10.5.8 Reinforcement strains in the Bulb Confinement Cage at G10E 
A confinement cage was used to encompass the strands in the bottom bulb over a 
distance of 100 inches from the end of the girder. A total of 10 strain gages were attached on the 
cage, seen Figure A10.8-2. Four strain gages, numbered 1 – 4, were used to measure the 
longitudinal strains, and the remaining gages, numbered 5 – 10, were used for measuring 
transverse strains. Gages 5-7 were located on the inclined reinforcement near the top of the 
bottom bulb while gages 8-10 were located along the bottom bulb. Table A10.8-2 lists the 
detailed gage locations in the cage. Table A10.8-3 presents the sets of strain measurements taken 
before testing.  
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Figure A10.5-10(a) presents the measured longitudinal strains versus load in the 
confinement cage. All gages measured increasing tensile strain with increasing load. At the 
failure load of 33.93 kips/ft, the measured tensile strains were 244 µs (gage 1), 1614 µs (gage 2),  
1296 µs (gage 3) and 357 µs (gage 4). Figure A10.5-10(b) presents the measured transverse 
strains versus load in the confinement cage. During the test gages 5 and 6 measured compressive 
straining while gages 8, 9 and 10 measured tensile straining. With increasing load gage 7 initially 
measured compressive straining and then began to measure tensile straining. At the failure load 
of 33.93 kips/ft the measured compression strains were -58 µs (gage 5) and -29 µs (gage 6), and 
the measured tensile strains were 885 µs (gage 7), 479 µs (gage 8), 270 µs (gage 9) and 170 µs 
(gage 10). The maximum compression strain of gage 7 was -79 µs at w = 28.89 kips/ft.  
A10.5.9 Failure Mode of G10E 
The test load was halted at 33.93 kips/ft to prevent a brittle failure so that the West end 
could be tested to failure. The corresponding support reaction force reached 746.5 kips. Although 
no explosive failure occurred for G10E, the failure was considered imminent based on local 
crushing and significant strand slip. Figure A10.5-11 shows the conditions of G10E at the point 
of failure. Stirrups yielded under peak load. Local crushing was observed at the base of the web 
just above the inner face of the support. As load increased, noises of concrete splitting continued 
to be heard and signs of local crushing become more apparent. Shear slip along cracks were 
observed with relative movement of upper part downward. Significant strand slip was observed 
and reached 0.01 inches under the peak load. All those signs suggested the failure was about to 
occur. Under the peak load the average crack spacing was 99 mm and the maximum shear crack 
width was 1.0mm. No damage was observed in the top flange and bottom bulb except that some 
cracks extended into the support from the web.  
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A10.5.10 Ultimate Shear Capacity of G10E 
For the typical loading pattern, as shown in Figure A10.3-1, G10E was considered to 
have reached close to its ultimate capacity when the distributed loading reached 33.93 kips/ft. 
This sections compares the measured capacity with the capacities calculated using LRFD, STD 
and R2K. 
LRFD: Table A10.5-5 presents the calculated shear capacity by the LRFD specifications 
at a critical section that is x =4.92 ft from the East support. The calculated LRFD shear capacity 
at the critical section is 581.2 kips, which corresponds to an external load of wLRFD = 28.90 
kips/ft for the same loading pattern as the test load. Note that all debonded strands do not take 
effect in the critical sections so that the number of effective strands was equals to 28.  
R2K: For the same critical section at x = 4.92 ft from the East support, R2K predicts the 
nominal shear capacity to be 633.7 kips, which corresponds to an external load of wR2K = 31.56 
kips/ft for the same loading pattern as test load.  
STD: Table A10.5-6 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support. Then the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the East support. The calculated capacity using AASHTO STD at the critical section is 
548.4 kips, which corresponds to an external load wSTD = 25.41 kips/ft for the same loading 
pattern as test load. Note that all debonded strands do not take effect in the critical sections so 
that the number of effective strands equals 28.  
Table A10.5-7 compares the measured capacity and the calculated capacities using 
LRFD, STD and R2K. 
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A10. 6 Experimental Results for West End Test (G10W) 
A10.6.1 Shear Cracking at West End 
(1) First Web Shear Cracking at West End 
The first diagonal cracks occurred in the West end of the girder under a loading of 19.30 
kips/ft. The first crack crossed the centroidal axis of the composite section ( in 79.42=cby ) at an 
angle of 35 degrees and at a longitudinal distance of 47.28 inches from the extreme West end 
(35.28 inches from the center line of the West support). See Figure A10.6-1.  Table A10.6-1 
presents the calculations for comparing the measured and predicted web-shear cracking loads. 
Web-shear cracking occurred at a shear force of VTest of 424.5 kips, while the calculated 
AASHTO STD web-shear cracking load Vcw was 330.9 kips, for a shear cracking strength ratio 
of VTest/Vcw = 1.28. Table A10.6-1 also compares the angle of measured and calculated diagonal 
cracking. The measured cracking angle was ӨTest = 35 degree while the predicted cracking angle 
from elastic stress analysis, using ccr ff '4= (psi units) and the full magnitude of fpc, was ӨMohr 
= 26.4 degrees, for a crack angle ratio of ӨTest/ӨMohr is 1.33.   
(2) Distribution of Shear Crack Angles 
Figure A10.6-2 presents the distribution of shear crack angles for the West half of Girder 
10 (G10W). The longitudinal position of each crack is taken as the point that this crack crosses 
the centroidal axis of the composite section. The shape of the angle distribution is close to a 
parabolic curve. The crack angle was close to 45 degree near the support, then decreased to 23 
degrees in the first shear design regions, then went back up to 45 degree in the flexure shear 
cracking zone and then increased to the expected 90 degrees near mid-span where only flexural 
cracking occurred. 
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A10.6.2 Web Shear Strains 
A total of 12 LVDTs were installed on the surface to measure the web shear strains of the 
end regions. These LVDTs were grouped into four rectangular rosettes, with two rosettes placed 
at the East end and two placed at the West end, as shown in Figure A10.6-3. The gage lengths of 
the LVDTs were all 48 inches so the computed strain is the average strain over a distance of 48 
inches.  From the two diagonal strains 1diagonalε  and 2diagonalε , the average shear strain γ of that 
region can be computed for each rosette as )( 2diagonal1diagonal ε−ε=γ .  The shear force versus shear 
strain responses obtained from those LVDTs is shown in Figure A10.6-3. Note the shear force V 
was calculated for the section at the center point of the rosette. The response up to cracking was 
linear with measured stiffnesses by the two rosettes of 0.69 kips/µs (WD1 and WD3) and 0.70 
kips/µs (WD4 and WD6). Under the load of 33.88 kips/ft, the shear force and shear strain for the 
group of WD4 and Wd6 are V = 641.3 kips γ = 2102 µs. Under the failure load w = 42.85 kips/ft, 
the shear force and shear strain for the group of WD1 and WD3 are V = 939.7 kips, γ = 5644 µs 
(WD1 and WD3 ).  
A10.6.3 Stirrup Strains 
A total of 64 strain gages were placed on 16 stirrups with four strain gages being attached 
to each stirrup.  Strain gages S1 through S8 were placed on the West half of the girder, as shown 
in Figure A10.6-4. Figure A10.6-4 also presents the development of stirrup straining up to the 
peak load. Note that the values given are not the actual strains in the stirrups, but represent the 
change in strain resulting from the externally applied load since the gage readings were set to 
zero prior to loading. That said, the vertical strains in the stirrups due solely to the effects of 
prestressing have been measured in other girders and calculated by analyses to be very small. 
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The stirrup yield strains were approximately 2250 micro-strain. Table A10.6-2 lists the stirrup 
strain of each gage under the peak load of 42.85 kips/ft. 
A10.6.4 Concrete Strains at West End (G10W) 
(1) Locations of Gages at West End 
There were a total of eight strain gages at the West end.  As shown in Figure A10.6-5 six 
on the web, designated by “W*”’, and two on the bottom bulb, designated by “WB*”. All of 
those gages had positions corresponding to the position of the East End gages. Table A10.6-3 
lists the location and angle of inclination for each gage. 
 (2) Concrete strains of West End 
The web strains measured by the gages at the West end are shown in Figure A10.6-6. 
Table A10.6-4 summarizes the peak strain for each gage under load the failure load of 42.85 
kips/ft. 
A10.6.5 Strand Slip of West End (G10W) 
No slip was measured in the prestressed strands at the West end of the girder.  
A10.6.6 Vertical Displacements During West End Test 
After completion of the East end test, gages V1 and V2 were removed and only the deflections 
for the West half (V3, V4, and V5) were measured. Figure A10.6-7 shows the load-deflection 
curves for the West end test. The deflections under the failure load (42.85 kips/ft) are 4.409 in 
(V3), 3.032 in (V4) and 0.334 in (V5). After this point, Girder 10 failed and all deflections 
increased rapidly.  
A10.6.7 Longitudinal Strains During West End Test 
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After the East end test, longitudinal strains were measured only for the West half of the 
girder. Figure A10.6-8 presents the measured longitudinal strain measured by LVDTs H2, H3 
and H4 over a gage length of 48 inches. The longitudinal strains at peak load (42.85 kips/ft) were 
3956µs  (H2), 74 µs  (H3) and -1960 µs  (H4). The maximum compressive strain at mid-span as 
measured by H4 was 1960µs . The maximum tensile stress of the bottom bulb at the mid-span 
(H2, 3956µs ) corresponds to a prestress increment of ksi 7.11210395628500 6 =×× − , which 
means that the prestressed strands have already yielded for 
ksi 0.243f ksi 4.2867.1737.112 py =>=+ . 
A10.6.8 Reinforcement strains in the Bulb Confinement Cage at G10W 
A confinement cage was used to encompass the strains in the bottom bulb over a distance 
of 100 inches from the end. A total of 10 strain gages were attached on the cage, seen Figure 
A10.8-2. Four strain gages, numbered 1 – 4, were used to measure the longitudinal strains, and 
the remaining gages, numbered 5 – 10, were used for measuring transverse strains. Gages 5-7 
were located on the inclined reinforcement near the top of the bottom bulb while gages 8-10 
were located along the bottom bulb. Table A10.8-2 lists the detailed gage locations in the cage. 
Table A10.8-3 presents the sets of strain measurements taken before test.  
Figure A10.6-9(a) shows the curves of the measured longitudinal strains versus load in 
the confinement cage. All gages measured increasing tensile straining with increasing load. At 
the failure load 33.93 kips/ft, the measured tensile strains were 266 µs (gage 1), 1031 µs (gage 2),  
1805 µs (gage 3) and 526 µs (gage 4). Figure A10.6-9(b) presents the measured transverse 
strains versus load in the confinement cage. During the test gage 5 measured compressive 
straining while gages 9 and 10 measured tensile straining. With increasing load gage 7 initially 
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measured compressive straining and then measured tensile straining. At the failure load 42.85 
kips/ft the measured compression strains were -95 µs for gage 5 and the measured tensile strains 
were 1436 µs (gage 7), 309 µs (gage 9) and 308 µs (gage 10). The maximum compression strain 
of gage 7 was -56 µs at w = 26.13 kips/ft.  
A10.6.9 Failure Mode of G10W 
When external load reached 42.85 kips/ft with one jack off on the East end, G10W failed 
in a very explosive manner due to web crushing and splitting. The support reaction force under 
the failure load was 939.7 kips. Stirrups yielded shortly before failure. Just prior to failure, 
compression struts began to crush at the bottom at about 42 inches away from the end. As load 
increased, the noise of concrete splitting continued. Then the web base suddenly failed and 
concrete exploded from the surface. A crushed zone formed that extended 186-inch from the end 
of the girder and from the web-bulb interface to 20 inches about this interface. The lower 10-inch 
thick concrete in the zone was completely crushed and the overall section height was lowered 
down by about 10 inches, as shown in Figure A10.6-10. Strands and stirrups in the crushed zone 
were exposed to the surface. The upper web beyond the crushed zone slid towards the end of the 
member relative to the bottom bulb. The web shear cracks were fully developed before failure. 
The average crack spacing was 4.5 inches and the maximum shear crack width reached 0.75 mm. 
Shear slip along cracks was observed with upward relative movement of the upper strut. No 
significant strand slip was found. The top flange and bottom bulb were undamaged but for minor 
cracking into the bulb near the support. 
A10.5.10 Ultimate Shear Capacity of G10W 
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For the special loading pattern shown in Figure A10.2-3, G10W failed when the 
distributed load was 42.85 kips/ft. This is now compared with the capacities calculated using the 
LRFD and STD specification as well as R2K.  
LRFD: Table A10.6-5 presents the calculated shear capacity by the LRFD specifications 
for the critical section that is x = 5.02 ft from the West support. The LRFD calculated shear 
capacity at the critical section is 634.9 kips, which corresponds to an external load of wLRFD = 
31.89 kips/ft for the same loading pattern as test load. 
R2K: For the same critical section at x = 5.02 ft from the West support, R2K predicts the 
nominal shear capacity 693.9 kips, which corresponds to an external load of wR2K = 34.85 kips/ft 
for the same loading pattern as the test load.  
STD:  Table A10.6-6 presents the calculated shear capacity by the AASHTO Standard 
specifications. AASHTO STD gives the location of the critical section as h/2 from the face of the 
support. Then the critical section is located at x = 73/2 + 4.5 = 41 inches = 3.42 ft. from the 
center of the West support. The capacity calculated using the AASHTO STD at the critical 
section is 615.6 kips, which corresponds to external load wSTD = 28.62 kips/ft for the same 
loading pattern as the test load. 
Table A10.6-7 compares the measured capacity and the calculated capacities using 
LRFD, STD and R2K. 
A10.7 Zurich Gage Measurements 
A total of 315 aluminum targets were glued to the surface of the web in square grids prior 
to loading to measure the surface deformation of the web of Girder 10. Figure A10.7-1 shows the 
5-line and 63-column grid. The spacing between two adjacent targets was 10 in (254mm). Zurich 
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Gage Measurement System was used to measure the change in distance between adjacent targets 
at selected load levels during the experiment. Table A10.7-1 summarizes the load levels at which 
the Zurich measurement were taken. The first two sets of measurements were taken before test 
without superimposed loading for calibration and error assessment. Figures A10.7-2 and Figure 
A10.7-3 present the change in distance measured between the targets at the large measured stage.  
The value on the line segment is the deformation between those two targets. The unit of the 
deformation is millimeters (mm). 
A10.8 Measurements for Girder 10 Before Test 
Girder 10 was cast on August 23, 2004, and the prestressing tendons were released on 
August 26, 2004. Strain and displacement measurements were taken before and after strand 
release to obtain the effects of strand release on the strains and internal deformations of the 
girder. Another set of measurements was also taken on June 03, 2005, shortly before testing was 
begun on June 29, 2005.. The following sections present the measured strains and displacements.  
A10.8.1 Surface Deformations of the Bottom Bulb 
Whittemore gages were used to measure the bulb deformations of Girder 10 by 
distributing targets in both ends and near mid-span of the girder. The spacing between two 
measurement targets was 10 inches, but overlapping sets of targets were used that provided a 
measurement of average strain every 5 inches. The first target on each end was located 3 inches 
from that end. Table A10.8-1 and Figure A10.8-1 present the detailed results of the surface 
strains for Girder 10. Figure A10.8-1 shows the strain distributions along the girder at the dates 
listed in Table A10.8-1. The plots have been organized so that the strain profile can be seen from 
the front elevation view perspective. The average compressive strains in the middle part of the 
girder after release and before test were -693µε  and -1009µε , respectively. Thus the average 
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prestress loss and the average effective prestress before test can be estimated 
as ksi 8.2810100928500f 6Loss =××=∆ −  and  
ksi 7.1738.285.202fpe =−= . 
A10.8.2 Strains in the Bottom Cages 
Ten strain gages were attached to the confinement cage.  Figure A10.8-2 shows their 
locations and identifiers. Table A10.8-2 lists the distance from the end of the girder to the 
location of each gage. Gages 1 through 4 were used for measuring longitudinal strains, while 
gages 5 through 10 gages were used for measuring transverse strains in the confinement 
reinforcement.  The detailed results of the strains for Girder 10 from the measurements at release 
are shown in Table A10.8-3. For G10E, using the average of Gages 3 and 4 (-708 sµ  ) for the 
longitudinal strain and the average of Gages 6, 7, 9 and 10 (264 sµ ) for the circumferential 
strain, the calculated Poisson’s ratio is 0.37.  For G10W, using the average of Gages 3 and 4 (-
760 sµ ) for the longitudinal strain and the average of Gages 6, 7, 9 and 10 (316 sµ ) for the 
circumferential strain, the calculated Poisson’s ratio is 0.42. 
A10.8.3 Strains in the Stirrups near the Ends of the Girder 
As a measure of the bursting strain at each end, the strains in the first gaged stirrups from 
each end were obtained. This stirrup was located 12 inches from the end of the girder. Figure 
A10.8-3 shows the gage locations and numbers. The detail results are listed in the Table A10.8- 
4. As expected, the largest straining is in Gage 1.                                                                                                   
A10.9 Design of Girder 10 
A10.9.1 Introduction 
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Girder 10 was a 52-foot long and 63-inch deep bulb-tee girder that was designed to 
support a uniformly distributed load, wu, over a 50-foot simple span such that the shear stress at 
the face of the first critical shear section 0.5dvcotθ from the face of the support was equal to  v = 
0.10 f′c = 0.10(16) = 1.6 ksi. A 42-inch wide and 10-inch deep slab was made composite with the 
girder. The member was designed to satisfy all of the requirements of the LRFD Bridge Design 
Specifications 2nd Edition with 2001 Revision. A brief summary of the design of Girder 10 is 
presented in this section. For a complete description of the design procedure, see Section A1.9 of 
Appendix A1. 
A10.9.2 Materials 
The material properties used in the design of Girder 10 are shown in Table A10.9-1 
A10.9.3 Cross-Sectional Properties 
Figure A10.9-1 presents the geometric dimension of the cross section and Table A10.9-2 
presents the cross-sectional properties. Since the girder and the slab had different concrete 
strength, the composite section properties were computed based on the transformed slab width 
and using the calculated modulus of elasticity of the precast girder. 
A10.9.4 Load and Tendon Profile 
The test girder was designed to support a uniformly distributed load as shown in Figure 
A10.9-2. Figure A10.9-3 illustrates the strand profile of Girder 10.  
A10.9.5 Loss of Prestress [LRFD Art. 5.9.5] 
Table A10.9-3 lists the calculated losses of prestress along the length. All locations are 
measured from the extreme end of the girder.  
The average calculated effective prestress stress at the end of service life is ksi 1.138fpe = . 
A10.9.6 Stresses after Transfer [LRFD Art.5.9.4] 
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Concrete stresses immediately after transfer were calculated and are given in Table 
A10.9-4. All locations in this table are measured from the extreme end of the girder. 
A10.9.7 Flexural Strength Design 
 Table A10.9-5 presents the flexural strength design for the design ultimate load 
of kips/ft 18.32w u = for selected locations of Girder 10. These locations are measured from the 
left support. Figure A10.9-4 also shows the moment envelope curves of design ultimate moment 
and nominal flexural strength.  
A10.9.8 Shear Design of Girder 10 
 The calculations for the shear design of Girder 10 are summarized in Table A10.9-6 and 
Figure A10.9-5.  
A10.9.9 Drawings of Girder 10 
Figure A10.9-6 through Figure A10.9-10 present the fabrication drawing for Girder 10. 
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Table A10.2-1 Measured Materials Properties of Girder 10 
Materials G10E & G10W 
Deck Slab  
Concrete strength, 'cf  5.4 ksi  
Modulus of elasticity of slab Ec 4,455 ksi 
Precast Girder  
Concrete strength, 'cf  10.6 ksi  
Strain at peak stress, ε΄c 0.0026 
Modulus of elasticity of Girder  6,242 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 243 ksi             
Initial prestress, fpi 202.5 ksi 
Measured effective stress before test:,  fpe     173.7 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield and Ultimate Strength #5: 65.4 ksi (fy) , 100.2 ksi (fu) 
Dywidag :150 ksi (fy) , 187 ksi (fu) 
Others: 67.9 ksi (fy) , 102.5 ksi (fu) 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
  (Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A10.2-2 Sectional Properties of Girder 10 
Cross-Section Properties G10E & G10W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.714 
Total transformed area of the composite section, Ac 1013 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 666,827 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
42.74 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
30.26 in 
Composite section modulus for the bottom, Sbc 15,602 in3 
Composite section modulus for the top, Stc 22,037 in3 
Weight of composite section 1.180 kip/ft 
 
 
 A10-24
Table A10.3-1 Load values for Load stages 
Load 
Stage 
Load 
(kips/ft) 
RWest 
(kips) 
MMid 
(k-ft) 
REast 
(kips) 
1 15.84 348.4 4878.3 348.4 
2 20.21 444.6 6224.5 444.6 
3 22.54 495.9 6943.0 495.9 
4 23.91 526.1 7364.9 526.1 
5 26.43 581.5 8140.7 581.5 
6 29.12 640.7 8970.3 640.7 
7 31.59 695.0 9730.6 695.0 
8* 33.93 746.4 10449.9 746.4 
9 33.68 738.7 10315.7 709.7 
10 36.46 799.5 11164.9 768.1 
11 38.56 845.7 11810.2 812.5 
12* 42.85 939.6 13121.5 902.8 
( * Load Stage of Failure ) 
 
Table A10.4-1 Maximum Crack widths at each Load Stage 
West Mid East Load 
(kips/ft) WS 
(mm) 
FS 
(mm) 
F 
(mm) 
FS 
(mm) 
WS 
(mm) 
15.84 0 0 0 0 0.3 
20.21 0.2 0 0 0 0.4 
22.54 0.3 0.15 N/A 0.2 0.45 
23.91 0.3 0.15 N/A 0.2 0.45 
26.43 0.3 0.3 N/A 0.25 0.5 
29.12 0.3 0.3 N/A 0.3 0.5 
31.59 0.3 0.3 N/A 0.4 0.75 
33.93 0.3 0.3 N/A 0.4 1.0 
33.68 0.4 0.75 N/A   
36.46 0.5 0.8 N/A   
38.56 0.55 1 N/A   
42.85 >0.55 >1.0 N/A   
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Table A10.5-1 First Web Shear Cracking and STD prediction of G10E 
End: G10E
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 10.6 
Cracking Load w (k/ft) 15.57 
Cracking Section Location from support  (in) 51.48 
Neutral axis of composite section Ycb (in) 42.74 
Measured crack angle Testθ  (deg) 35 
Cracking shear force at section TestV  (kips) 322.6 
Area of Prestress strands pA  (in2) 6.076 
Effective prestress pef  (ksi) 173.7 
Total prestress force ppepe AfF =  (kips) 1055.4 
Centroid of strands from the bottom pe (in) 10.57 
Eccentricity of strands from the girder centroid ce (in) 21.55 
Distance between centroids of girder and composite section y (in) 10.62 
Self-Weight Moment Md  (k-ft) 115.6 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
902.6 
d (in) 66.23 
pV (kips) 0 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 250.8 
Ratio of cwTest VV 1.29 
Concrete Cracking Strength 'ct ff 4=  (psi) 411.8 
tpcMohr ffcot +=θ 1  1.79 
Mohrθ (deg) 29.2 
Ratio of MohrTest θθ  1.20 
 
Table A10.5-2 Stirrup strains of East End (w = 33.93 kips/ft ) 
 S9 S10 S11 S12 S13 S14 S15 S16 
4 N/A N/A N/A 1803 2013 1419 -92 -59 
3 171 963 1581 477 3819 N/A 1252 -165 
2 1313 1636 1371 1550 1967 3589 1390 -355 
1 859 1776 1906 494 2455 N/A 2220 -404 
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Table A10.5-3 Concrete strain gage locations at East end 
No X Y θ  No X Y θ  No X Y θ  
E1 7.3 16.6 40 E6 27.3 31.0 35 EB1 -11.1 4.0 0
E2 15.8 17.5 35 E7 41.1 30.3 35 EB2 -0.2 4.0 0
E3 28.6 18.5 35 E8 44.5 44.8 40 EB3 39.2 4.0 0
E4 40.0 18.8 30 E9 58.4 41.4 35 EB4 77.8 4.0 0
E5 20.4 37.4 45 E10 80.0 44.6 30    
 
Table A10.5-4 Concrete strains at East End under peak load 33.93 kips/ft (unit: sµ ) 
Gage E1 E2 E3 E4 E5 E6 E7 
Strain -1584 -623 -1755 -723 -819 -461 -1084 
Gage E8 E9 E10 EB1 EB2 EB3 EB4 
Strain -992 -755 -627 -6 106 398 483 
 
Table A10.5-5 LRFD Shear Prediction for G10E  
 Prediction 
Concrete Strength 'cf   (ksi) 10.6 
External Load uw (k/ft) 28.84 
Critical Section (ft) 4.89 
Shear Force uV (kips) 580.0 
Moment uM (k-ft) 3051.1 
Effective prestress pef  (ksi) 173.7 
ed (in) 66.23 
vd (in) 59.61 
'
cfv  0.153 
1000x ×ε  0.2343 
β  2.52 
θ  28.8 
yf (ksi) 65.4 
sAv  (in2/in) 0.62/9 
cV (kips) 92.7 
sV (kips) 488.5 
pV (kips) 0 
psc VVVV ++= (kips) 581.2 
pvv
'
cmax,n Vdbf.V += 250  (kips) 947.8 
Nominal Shear nV (kips) 581.2 
Nominal Load nw (kips/ft) 28.90 
Error nun w/|ww| −  0.2% 
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Table A10.5-6 STD Shear Prediction for G10E 
STD Prediction 
Concrete Strength 'cf   (ksi) 10.6 
Test Load uw (k/ft) 33.93 
Critical Section (ft) 3.42 
d (in) 66.23 
Shear Force due to test load uV (kips) 732.2 
Moment due to test load uM (k-ft) 2549.9 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 0 
Area of Prestress strands pA  (in
2) 6.076 
Effective prestress pef  (ksi) 173.7 
Total prestress force ppepe AfF =  (kips) 1055.4 
Centroid of strands from the bottom pe (in) 10.57 
Eccentricity of strands from the girder centroid ce (in) 21.55 
Distance between centroids of girder and composite section y (in) 10.62 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
3340.7 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 5026.6 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1493.4 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
895.6 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 250.0 
)V,Vmin(V cwcic = 250.0 
yf (ksi) 65.4 
sA v  (in
2/in) 0.62/9 
s
dfA
V yvs =  (kips) 298.4 
scn VVV +=   (kips) 548.4 
Nominal Load STDw (kips/ft) 25.41 
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Table A10.5-7 Capacity comparison of prediction and test result of G10E 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G10E 33.93 28.90 31.56 25.41 1.17 1.08 1.34 
Table A10.6-1 First Web Shear Cracking and STD prediction of G10W 
End: G10W
First Web Shear 
Cracking 
Concrete Strength 'cf   (ksi) 10.6 
Cracking Load w (k/ft) 19.3 
Cracking Section Location from support  (in) 35.28 
Neutral axis of composite section Ycb (in) 42.74 
Measured crack angle Testθ  (deg) 35 
Cracking shear force at section TestV  (kips) 424.5 
Area of Prestress strands pA  (in2) 7.812 
Effective prestress pef  (ksi) 173.7 
Total prestress force ppepe AfF =  (kips) 1356.9 
Centroid of strands from the bottom pe (in) 13.81 
Eccentricity of strands from the girder centroid ce (in) 18.31 
Distance between centroids of girder and composite section y (in) 10.62 
Self-Weight Moment Md  (k-ft) 81.6 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1257.5 
d (in) 66.04 
pV (kips) 38.63 
STD prediction pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 330.9 
Ratio of cwTest VV 1.28 
Concrete Cracking Strength 'ct ff 4=  (psi) 411.8 
tpcMohr ffcot +=θ 1  2.01 
Mohrθ (deg) 26.4 
Ratio of MohrTest θθ  1.33 
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Table A10.6-2 Stirrup strains of West End (w = 42.85 kips/ft ) 
 S1 S2 S3 S4 S5 S6 S7 S8 
4 -145 1251 1731 4689 1434 N/A 1819 2124 
3 -544 1965 2376 123 585 -100 952 1168 
2 -22 N/A 5436 1941 1476 1120 2532 233 
1 -662 939 N/A N/A 2626 2162 2031 1559 
Table A10.6-3 Concrete strain gage locations at West end 
No X Y θ  No X Y θ  No X Y θ  
W1 7.5 16.0 40 W4 42.0 30.6 35 WB1 -7.4 4.0 0
W2 18.1 16.9 35 W5 20.6 38.6 45 WB2 7.2 4.0 0
W3 28.5 17.9 35 W6 59.7 40.8 35    
Table A10.6-4 Concrete strains of West End under failure load 42.85 kips/ft (Unit: sµ ) 
Gage W1 W2 W3 W4 W5 W6 WB1 WB2 
Strain -1565 -1420 -1920 -1102 -819 -830 26 442 
Table A10.6-5 LRFD Shear Prediction for G10W  
 Cell 1 Cell 2 Prediction 
Concrete Strength 'cf   (ksi) 10.6 10.6 10.6 
External Load uw (k/ft) 31.27 32.09 31.92 
Critical Section (ft) 5.31 4.94 5.02 
Shear Force uV (kips) 613.5 641.5 635.5 
Moment uM (k-ft) 3557.9 3416.1 3448.9 
Effective prestress pef  (ksi) 173.7 173.7 173.7 
ed (in) 64.80 64.80 64.72 
vd (in) 58.32 58.23 58.25 
'
cfv  0.154 0.162 0.160 
1000x ×ε  0.00049 -0.00866 -0.0067 
β  2.60 2.52 2.54 
θ  26.2 28.0 27.6 
yf (ksi) 65.4 65.4 65.4 
sAv  (in2/in) 0.62/9 0.62/9 0.62/9 
cV (kips) 93.6 90.6 91.2 
sV (kips) 534.0 493.4 501.5 
pV (kips) 42.19 42.19 42.19 
psc VVVV ++= (kips) 669.8 626.2 634.9 
pvv
'
cmax,n Vdbf.V += 250  (kips) 969.5 969.5 968.4 
Nominal Shear nV (kips) 669.8 626.2 634.9 
Nominal Load nw (kips/ft) 34.14 31.33 31.89 
Error nun w/|ww| −  8.4% 2.4% 0.1% 
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Table A10.6-6 STD Shear Prediction for G10W 
STD Prediction 
Concrete Strength 'cf   (ksi) 10.6 
Test Load uw (k/ft) 42.85 
Critical Section (ft) 3.42 
d (in) 64.30 
Shear Force due to test load uV (kips) 921.7 
Moment due to test load uM (k-ft) 3210.0 
Shear Force due to Self-weight dV (kips) 25.46 
Moment due to Self-Weight dM (k-ft) 93.99 
Vertical Prestress Force pV (kips) 42.19 
Area of Prestress strands pA  (in
2) 7.812 
Effective prestress pef  (ksi) 173.7 
Total prestress force ppepe AfF =  (kips) 1356.9 
Centroid of strands from the bottom pe (in) 13.49 
Eccentricity of strands from the girder centroid ce (in) 18.63 
Distance between centroids of girder and composite section y (in) 10.62 
b
cpe
g
pe
pb S
eF
A
F
f −=  (psi)
3970.8 
b
d
d S
M
f =  (psi)
92.27 
 )fff6)(y/I(M dpb
'
cbcccr −+=   (k-ft) 5845.8 
cr
u
u
dw
'
cci MM
V
Vdbf6.0V ++=  (kips) 1727.8 
y
I
M
y
I
eF
A
F
f
g
d
g
cpe
g
pe
pc +−=  (psi)
1250.0 
pwpc
'
ccw Vdb)f3.0f5.3(V ++=  (kips) 325.9 
)V,Vmin(V cwcic = 325.9 
yf (ksi) 65.4 
sA v  (in
2/in) 0.62/9 
s
dfA
V yvs =  (kips) 289.7 
scn VVV +=   (kips) 615.6 
Nominal Load STDw (kips/ft) 28.62 
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Table A10.6-7 Capacity comparison of prediction and test result of G10W 
Failure Load w (kips/ft) 
Specimen 
Test LRFD R2K STD LRFD
test
w
w
 
K2R
test
w
w
 
STD
test
w
w
 
G10W 42.85 31.89 34.85 28.62 1.34 1.23 1.50 
 
Table A10.7-1 Loadings for Zurich reading 
Loading  (kips/ft) 0 20.21 23.91 29.12 31.59 33.93 33.68 36.46 38.56 
Zurich Stage  1,2 3 4 5 6 7 8 9 10 
 
Table A10.8-1(a) Bulb surface strain of G10W 
G10W Strain(µε ) 
Release(08/26/04) 
Number 
Before After 06/03/05 
1-3 0 -300 -476 
2-4 0 -569 -866 
3-5 0 -702 -1058 
4-6 0 -702 -1183 
5-7 0 -711 -1169 
6-8 0 -620 -1088 
7-9 0 -685 -1174 
8-10 0 -688 -1183 
9-11 0 -678 -1155 
10-12 0 -637 -1095 
11-13 0 -601 -970 
 
Table A10.8-1(b) Bulb surface strain of G10M 
G10M Strain(µε ) 
Release(08/26/04) 
Number 
Before After 06/03/05 
C1-C3 0 -858 -1025 
C2-C4 0 -711 -1030 
C3-C5 0 -748 -1104 
C4-C6 0 -706 -1016 
C5-C7 0 -664 -994 
C6-C8 0 -782 -1088 
C7-C9 0 -754 -1053 
C8-C10 0 -771 -1076 
C9-C11 0 -555 -852 
C10-C12 0 -532 -856 
C11-C13 0 -540  N/A 
Average 0 -693 -1009 
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Table A10.8-1(c) Bulb surface strain of G10E 
G10E Strain(µε ) 
Release(08/26/04) 
Number 
Before After 06/03/05 
1-3 0 -313 -522 
2-4 0 -597 -776 
3-5 0 -643 -909 
4-6 0 -669 -1041 
5-7 0 -675 -1247 
6-8 0 -630 -1128 
7-9 0 -586 -1008 
8-10 0 -607 -946 
9-11 0 -583 -937 
10-12 0 -648 -1039 
11-13 0 -630 -989 
  
Table A10.8-2 Strain gage location in confinement cage 
Gage Number 1 2 3 4 5 6 7 8 9 10 
Distance from the end(in) 10 20 30 40 7 22 32 7 22 32 
 
Table A10.8-3 Strains in Confinement Cages (µε ) 
G10E G10W 
Release(08/26/04) Release(08/26/04) Gage 
Before After 
Gage 
before After 
1 0 -157 1 0 -119 
2 0 -762 2 0 -737 
3 0 -743 3 0 -759 
4 0 -673 4 0 -761 
5 0 55 5 0 245 
6 0 359 6 0 271 
7 0 179 7 0 200 
8 0 233 8 0 N/A 
9 0 312 9 0 483 
10 0 207 10 0 309 
 
Table A10.8-4 Strains in the first gaged stirrup  
G10E G10W 
Release(08/26/06) Release(08/26/04) Gage 
before After 
Gage 
before After 
1 0 906 1 0 N/A 
2 0 -75 2 0 119 
3 0 13 3 0 -15 
4 0 29 4 0 57 
 
 
 A10-33
Table A10.9-1 Materials Characteristics of Girder and Deck Slab (Design Value) 
Materials G10E & G10W 
Deck Slab  
Thickness (in) 10.0 in 
Concrete strength at 28 days, 'cf  5.0 ksi  (Specified) 
Modulus of elasticity of slab Ec 4,287 ksi 
Precast Girder  
Concrete strength at release, 'cif  13.6 ksi 
Concrete strength at 28 days, 'cf  16.0 ksi (Specified) 
Concrete unit weight, wc 0.150 kcf 
Overall beam length 52.0 ft 
Design span, L 50.0 ft 
Modulus of elasticity of beam at release Eci 7,070 ksi  
Modulus of elasticity of Girder  7,669 ksi  
Prestressing strands  
Type 0.6 in. dia., seven-wire, low-relax 
Area of one strand 0.217 in2 
Ultimate strength, fpu 270.0 ksi 
Yield strength, fpy  [LRFD Table 5.4.4.1-1] 0.9 fpu = 243 ksi             
Stress limits for prestressing strands:  
            - before transfer, fpi ≤0.75 fpu =202.5 ksi 
            - at service limit state (after all losses), fpe ≤0.80 fpy =194.4 ksi 
Modulus of elasticity, Ep [LRFD Art. 5.4.4.2] 28,500 ksi  
Reinforcing bars  
Yield strength, fy #4 :70 ksi 
#5 :79.3 ksi 
Modulus of elasticity, Es [LRFD Art. 5.4.3.2] 29,000 ksi  
(Note:     '5.1)(000,33 ccc fwE =                  [LRFD Eq. 5.4.2.4-1] ) 
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Table A10.9-2 Sectional properties of Girder 1 (Design Value) 
Cross-Section Properties G10E & G10W 
Non-Composite Section  
Area of cross-section of girder, Ag 713 in2 
Overall depth of girder, h 63.0 in 
Moment of inertia, Ig 392,638 in4 
Distance from centroid to extreme bottom fiber, ybg 32.12 in 
Distance from centroid to extreme top fiber, ytg 30.88 in 
Section modulus for the extreme bottom fiber, Sbg 12,224 in3 
Section modulus for the extreme top fiber, Stg 12,715 in3 
Weight of beam 0.743 kip/ft 
Composite Section  
Modular ratio between slab and girder: n = Ec,slab/Ec,girder 0.559 
Total transformed area of the composite section, Ac 948 in2 
Overall depth of the composite section, hc 73.0 in 
Moment of inertia of the composite section, Ic 621,978 in4 
Distance from centroid of the composite section to 
extreme bottom fiber, ybc 
 
41.00 in 
Distance from centroid of the composite section to 
extreme top fiber of slab, ytc 
 
32.00 in 
Composite section modulus for the bottom, Sbc 15,167 in3 
Composite section modulus for the top, Stc 19,442 in3 
Weight of composite section 1.180 kip/ft 
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Table A10.9-3 Prestress losses along the girder 
Location (ft) 3 6 11 16 21 26 31 36 41 46 49 
me (in) 18.09 19.22 21.12 23.01 23.01 23.01 23.01 23.01 23.01 23.01 23.01 
pESf∆ (ksi) 13.21 13.69 14.58 15.59 15.51 15.49 15.51 15.59 13.76 12.90 11.92 
pSRf∆ (ksi) 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 6.50 
pCRf∆ (ksi) 39.23 40.56 43.02 45.83 45.53 45.43 45.53 45.83 40.53 38.17 35.39 
2pRf∆ (ksi) 1.67 1.53 1.28 0.99 1.02 1.03 1.02 0.99 1.53 1.77 2.06 
 pTf∆  (ksi) 60.61 62.28 65.38 68.91 68.56 68.45 68.56 68.91 62.31 59.34 55.87 
pef (ksi) 141.9 140.2 137.1 133.6 133.9 134.1 133.9 133.6 140.2 143.2 146.6 
 
Table A10.9-4 Concrete Stresses after Transfer  [LRFD Art. 5.9.4] 
Loc.(ft) 3 6 11 16 21 26 31 36 41 46 49
bf (ksi) -4.21 -4.29 -4.43 -4.59 -4.56 -4.55 -4.56 -4.59 -4.09 -3.86 -3.61
tf (ksi) -0.02 0.06 0.22 0.39 0.37 0.36 0.37 0.39 0.32 0.32 0.29
1.2T(kips) 0.00 1.52 16.67 48.33 42.85 41.06 42.85 48.33 37.15 38.24 33.22
 
 
Table A10.9-5 Flexural Strength of Girder 10 ( kips/ft 18.32w u = ) 
Location(ft) 5 10 15 20 15 30 35 40 45 
uM (k-ft) 3620.3 6436.0 8447.3 9654.0 10056.3 9654.0 8447.3 6436.0 3620.3
c (in) 10.96 11.45 12.94 13.97 13.97 13.97 13.97 10.01 10.01
ed (in) 60.10 62.75 65.84 66.46 66.46 66.46 66.46 64.08 63.00
ed/c  0.182 0.182 0.197 0.210 0.210 0.210 0.210 0.156 0.159
psf (ksi) 256.2 256.0 254.7 253.5 253.5 253.5 253.5 258.1 258.0
nM (k-ft) 9152.6 10374.6 13463.5 15257.4 15257.4 15257.4 15257.4 9717.5 8117.1
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 Table A10.9-6 Shear Design of Girder 10 ( ksi 1.138fpe = ) 
 G10W G10E 
X (ft) 4.96 
(4.96) 
13.86 
(13.86) 
22.53 
(22.53) 
28.69 
(21.31) 
36.37 
(13.63) 
44.91 
(5.09) 
uw (k/ft) 32.18 32.18 32.18 29.62 29.62 29.62 
uV (kips) 644.89 358.49 79.48 109.30 336.78 589.73 
uM (k-ft) 3594.5 8059.5 9958.1 9054.6 7341.7 3385.5 
ed (in) 64.71 67.77 68.47 68.49 68.06 66.57 
vd (in) 58.24 61.00 61.62 61.64 61.26 59.91 
'
cfv  0.109 0.055 0.013 0.018 0.057 0.103 
1000x ×ε  0.014 0.448 0.453 0.545 0.561 0.250 
β  2.62 2.59 2.59 2.38 2.38 2.62 
θ  27.9 30.5 30.5 33.7 33.7 27.9 
θcotd v (in) 109.99 103.55 104.61 92.42 91.85 113.16 
cV (kips) 115.72 119.81 121.04 111.26 110.57 119.05 
pV (kips) 33.54 33.54 0.00 0 0 0 
reqsV , (kips) 495.63 205.13 0.00 0 226.21 470.68 
yf (ksi) 65.4 67.9 67.9 67.9 67.9 65.4 
reqv )sA( (in2/in) 0.0689 0.0292 0.0112 0.0112 0.0365 0.0636 
Max space s(in) 24 24 24 24 24 24 
Min sAv  0.0116 0.0112 0.0112 0.0112 0.0112 0.0116 
vA  (
2in ) 0.62 0.40 0.40 0.40 0.40 0.62 
s (in) 9 10 22 22 10 9 
sAv  (in2/in) 0.0689 0.0400 0.0182 0.0182 0.0400 0.0689 
cV (kips) 115.72 119.81 121.04 111.26 110.57 119.05 
sV (kips) 495.55 281.25 129.15 114.10 249.47 509.82 
pV (kips) 33.54 33.54 0.00 0.00 0.00 0.00 
nV (kips) 644.81 434.61 250.19 225.35 360.03 628.87 
nw (kips/ft) 32.18 39.01 101.29 61.07 31.67 31.59 
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Figure A10.1-1 Elevation of Girder 10 Showing Reinforcement 
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Figure A10.1-2 Details of Reinforcement of Girder 10 
 
Span Length = 50 ft
Total Length = 52 ft
3 ft 44 ft 3 ft
 
Figure A10.3-1 Loading Pattern of East End Test (G10E) 
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Figure A10.3-2 Loading history of East End Test (G10E) 
Span Length = 50 ft
Total Length = 52 ft
3 ft 43 ft 4 ft
 
Figure A10.3-3 Loading Pattern of West End Test (G10W)  
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Figure A10.3-4 Loading history of West End Test (G10W) 
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       West End                                                           Midspan                                                                   East End 
 
(a) Load Stage 1 (Load: 15.84 kips/ft) 
 
(b) Load Stage 2  (Load: 20.21 kips/ft) 
 
(c) Load Stage 3  (Load: 22.54 kips/ft) 
 
(d) Load Stage 4  (Load: 23.91 kips/ft) 
 
(e) Load Stage 5  (Load: 26.43 kips/ft) 
 
(f) Load Stage 6 (Load: 29.12 kips/ft) 
 
(g) Load Stage 7 (Load: 31.59 kips/ft) 
 
(h) Load Stage 8 (Load: 33.93 kips/ft) 
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(i) Load Stage 9 (Load: 33.68 kips/ft) 
 
(j) Load Stage 10 (Load: 36.46 kips/ft) 
 
(k) Load Stage 11 (Load: 38.56 kips/ft) 
 
(l) Load Stage 12 (Load: 42.85 kips/ft) 
 
Figure A10.4-1 Crack patterns of Girder 10 
 
 
Figure A10.4-2 FRP sheets on the bottom bulb  
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Figure A10.4-3 Diagonal Cracking of G10E in load stage 1 
      
Figure A10.4-4 Diagonal Cracking of Girder 10 in load stage 2 
           
Figure A10.4-5 Diagonal Cracking of Girder 10 in load stage 3 
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Figure A10.4-6 Diagonal cracks of Girder 10 in Load stage 4 
 
    
Figure A10.4-7 Concrete slip in the East End(Load Stage 5) 
 
   
Figure A10.4-8 Shear cracks for Girder 10 (Load Stage 6) 
 
Local 
Crushing 
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Figure A10.4-9 Local crush in the East End(Load Stage 8) 
                            
Figure A10.4-10 Repair of East End (G10E) 
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Figure A10.4-11 West End in Load Stage 9 ( w = 33.68kips/ft) 
 
 
Figure A10.4-12 West End in Load Stage 10 ( w = 36.46kips/ft) 
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Figure A10.4-13 Initiative of West End Failure  
 
 
Figure A10.4-14 Failure of West End of Girder 10 
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Figure A10.5-1 Location of first cracks for East End (G10E) 
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Figure A10.5-2 Crack Angle Distribution at G10E 
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Figure A10.5-3 Shear Force versus Shear Strain Curve of East End Region (G10E) 
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Figure A10.5-4 Strains of Shear Reinforcements of East End (G10E) 
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Figure A10.5-5 Concrete Strain Gages at East End 
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Figure A10.5-6 Concrete strains at East End 
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Figure A10.5-7 Strand slips of East End  
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Figure A10.5-8 Vertical Deflections of East End Test 
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Figure A10.5-9 Longitudinal Strains of East End Test 
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(b) 
Figure A10.5-10 Reinforcement Strains in Bottom Cage of G10E 
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G10E: f΄c = 10.6 ksi; 2-#5@9, ρvfy = 751 psi; w = 33.93 kips/ft; R = 746.5 kips 
Figure A10.5-11 Failure Mode of G10E 
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Figure A10.6-1 Location of first cracks for West End (G10W) 
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Figure A10.6-2 Crack Angle Distribution at G10W 
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Figure A10.6-3 Shear Force versus Shear Strain Curve of West End Test (G10W) 
 
 
 A10-54
4
3
2
1
4
3
2
1
S1 S2 S3 S4 S5 S6 S7 S8 S10S9 S11 S12 S13 S14 S15 S16
East EndWest End
 
 
Figure A10.6-4 Strains of Shear Reinforcements of West End (G10W) 
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Figure A10.6-5 Concrete Strain Gages at West End 
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Figure A10.6-6 Concrete Strains at West End 
 A10-56
21"
V5 V4 V3 V2 V1
136.5" 154.5" 154.5" 136.5" 21"  
0
5
10
15
20
25
30
35
40
45
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Vertical Deflection(in)
U
ni
fo
rm
 L
oa
d 
(k
ip
s/
ft)
V3
V4
V5
V5
V4
V3
 
Figure A10.6-7 Vertical deflections of the West End Test 
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Figure A10.6-8 Longitudinal Strains of West End Test 
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(b) 
Figure A10.6-9 Reinforcement Strains in Bottom Cage of G10W 
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G10W: f΄c = 10.6 ksi; 2-#5@9, ρvfy = 751 psi; w = 42.85 kips/ft; R = 939.7 kips 
Figure A10.6-10 Failure Mode of G10W 
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Figure A10.7-2 Deformation of Zurich Grid at East Half of Girder 10 (Unit: mm, w = 31.59 kips/ft)
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Figure A10.7-3 Deformation of Zurich Grid at West Half of Girder 10 (Unit: mm, w = 38.56 kips/ft)
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Figure A10.8-1 Surface strain of Girder 10 
Figure A10.8-2 Strain gages in confinement cage 
 
Figure A10.8-3 Gaged Stirrup 
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Figure A10.9-1 Cross-Sectional Dimensions of Girder 10 
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Figure A10.9-2 Loading set-up 
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Figure A10.9-3 Tendon Profile of Girder 10 
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Figure A10.9-4 Flexural Strength of Girder 10 
 A10-63
-1000
-800
-600
-400
-200
0
200
400
600
800
1000
0 5 10 15 20 25 30 35 40 45 50
Distance From Left Support (ft)
S
he
ar
 F
or
ce
 (k
ip
s)
Vu
Critical Line
 
Figure A10.9-5 Shear Design of Girder 10 
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A11 Other Items 
 
 Appendix 11 consists of four parts. Section A11.1 presents a discussion on methods for 
calculating effective depth and their influence on shear design strength as referred to in Section 
2.4.4 of this report. Section A11.2 begins an examination of the state of stress at the interface 
between the bottom bulb and the lower flange and postulates methods for capacity evaluation as 
referred to in Section 2.4.4 of this report. The development of these methods and the 
comparisons with test data are ongoing. This is expected to lead to a technical contribution that 
will be presented in the peer-reviewed technical literature when it is completed. If possible, a 
more mature version of this method will be presented in the final report on this project. Section 
A11.3 presents the photogrammetric and image analysis techniques that were used for 
determining the position of the cracks from photographs as referred to in Sections 2.5.1 and 2.5.3 
of the main body of the report.  Finally section A11.4 presents a User’s Guide to the developed 
data-visualization “GrdVis” program for viewing test results. This program and the data files that 
present the results are given on the included Compact Disc.  
 
A11.1 Effective Shear Depth Calculation  
Analysis of the results from the tests reported in this Appendix using the AASHTO-
LRFD and Standard Specifications illustrate some of the challenges faced by designers when 
applying those specifications in practice.  The concept for the effective depth for shear 
calculations is easy to apply when the flexural reinforcement used in the girder is of one type, 
straight, and in essentially the same location.  However, the selection of the appropriate effective 
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depth for shear calculations, consistent with the concepts used to derive the expressions for those 
calculations, becomes increasingly more difficult as varying combinations of prestressed and 
non-prestressed reinforcement, draped tendons, and reinforcement distributed over the depth are 
used.  
 
AASHTO-LRFD Specification 
In the AASHTO-LRFD Specifications the quantity dv as used for the General Procedure 
for shear design is defined in 5.8.2.9 as: 
dv = effective shear depth taken as the distance measured perpendicular to the neutral axis 
between the resultants of the tensile and compressive forces due to flexure; it need not be taken 
as less than the greater of 0.9de or 0.72 h, where de is the effective depth from the extreme 
compression fiber to the centroid of the tensile force in the tensile reinforcement.    
The Commentary C5.8.2.9 allows dv to be determined from  
  dv = Mn / (Asfy + Apsfps)                                                                  
For the test girders h was 73 in.  Thus dv need not be taken as less than 52.56 in. 
 
AASHTO Standard Specifications 
The AASHTO Standard Specifications define the quantity d for shear design as: 
d = distance from extreme compression fiber to centroid of longitudinal tension 
reinforcement; d need not be taken as less than 0.8 h.  For the test girders 0.8 h is 58.4 in.  
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The AASHTO Standard Specifications utilize expressions for the shear strength of 
prestressed concrete members that are essentially the same as those of ACI 318.  The shear at 
inclined cracking is taken as the lesser of the values of Vci and Vcw and shear reinforcement is to 
be provided for the difference in shear, Vs, ( Eq. 9-30), between the required nominal shear 
capacity and the shear at inclined cracking.  For its 2002 Edition ACI 318 moved to a unified 
design approach that allows for a seamless application of its provisions to members with 
prestressed reinforcement only, deformed bar reinforcement only and any combination of those 
two types of reinforcement. For its 2005 Edition ACI 318 recognized some of the complexities 
introduced by that approach for shear designs and modified the expression for Vcw that is Eq. (9-
29) of the Standard Specification so that the quantity d in that expression became dp where dp is 
the distance from the extreme compression fiber to the centroid of the prestressing steel.  
However, in the expression for Vs the quantity d remained unchanged.  
Thus in ACI 318-05, Vcw = ( cf '5.3 + 0.3fpc) bwdp + Vp  Eq. (11-12)  
   Vs = Avfyt d/s     Eq. (11-15) 
ACI 318 also permits Vcw to be determined as the shear force corresponding to dead load 
plus live load that results in a principal tensile stress of cf '4  at the centroidal axis of the 
member, or at the intersection of the flange and web when the centroidal axis is in the flange. For 
composite members, the principal tensile stress is computed using the cross section that resists 
live load. The expression for Vcw that is Eq. (9-29) of the Standard Specifications and Eq. (11-
12) of the ACI Code was derived as a conservative approximation to this principal stress 
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calculation.  A symmetrical I –shaped section subject to varying levels of prestress was used for 
that derivation.  The derivation is discussed on p.81-83 of Special Publication SP-10 of ACI that 
is the Commentary to ACI 318-63.  Thus the differences between the results from a principal 
stress calculation, which relates directly to the web-shear cracking of the girder, and the 
approximate Vcw value calculated from Eq. (9-29) can be expected to increasingly differ as the 
section examined has properties increasingly different to those used for the initial idealization.   
However, because the Vcw strength relates to the uncracked properties of the section it seems 
reasonable for analysis of the girder tests reported here to substitute dp for d in Eq. (9-29) of the 
Standard Specifications.  However, because the girder must crack before the stirrup steel is 
effective the expression for Vs ,(Eq. (9-30)), should remain unaltered as is the case in ACI 318-
05. 
 
Strands Located in Upper Flange of Precast Girder 
The tensioned strands located in the upper flange of the precast girder were provided 
primarily for purposes of preventing top flange flexural cracking during the release and 
transportation of the girders.  Those strands contribute to the level of prestress in the girder but 
do not affect the value of dv calculated from the expression in C5.8.2.9 of the AASHTO LRFD 
Specifications.  The possibility of locating of prestressing strands in the upper flange was not 
considered when the Vcw expression, Eq. (9-29), of the AASHTO Standard Specifications was 
developed.  For consistency with the dv calculation it is assumed for the analysis of the girders 
that the value for fpc in Eq. (9-29) should include the prestress from the two strands in the upper 
 A11-5
flange but that the value for dp should not. That is also the approach used by many leading 
prestressed concrete design firms 
 
Draping of Strands 
Up to eight strands were draped in several of the girders. However, that action still left 
many more of the strands as straight strands located in the bottom flange of the girder.   For 
example, for G10W, of the 34 bottom strands, eight strands were draped, leaving 26 bottom 
strands continuous to the end of the girder.  The area of draped tensioned steel was only 24% of 
the total tensioned steel area.  That value of 24% contrasts sharply with the 50, 66.7, and 100% 
values for the area of draped tensioned steel for the tests (UIUC Bulletin 493) from which the 
AASHTO Standard Specifications were derived.  It is reasonable to expect that the effect of 
draping on the value that should be used for d in Eqs. (9-29) and (9-30) might differ between the 
Bulletin 493 tests and the tests reported here. For the tests reported here the tensile capacity of 
the flexural reinforcement continuing to the end of the beam was adequate to satisfy the 
longitudinal reinforcement requirement of Article 5.8.3.5 of the AASHTO LRFD Specifications.   
By contrast, that tensile capacity was inadequate for most of the Bulletin 493 tests on beams with 
both draped tension reinforcement and transverse reinforcement.  Because of the basis on which 
the expression for Vcw is derived the values used for dp in that expression should include the 
effect of drape. However, if the longitudinal reinforcement requirement of Article 5.8.3.5 is 
satisfied by the continuing straight strands, then the value used for d in the expression for Vs does 
not theoretically need to include the effect of the draped strands.  Many leading prestressed 
concrete design firms also use that approach and if in their opinion the amount of extreme fiber 
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longitudinal steel extending beyond the critical section for shear is “adequate” in both directions 
they ignore the presence of the draped strands in assessing the d value to be used in the 
expression for Vs. 
 
Effective Depth for Shear Calculations for Test Girders 
The web-shear cracking of the test girders occurred at the ends of the girder in an area in 
which the girder was uncracked in flexure. However, after that web-shear cracking had occurred 
the section of the girder over which the web-shear cracking extended was effectively cracked for 
flexural strength, and therefore also for shear strength, calculations. Table A11.1-1 illustrates 
how the foregoing interpretations for the value for d affect girder properties.  Column 2 in this 
table lists the calculated position of the neutral axis for the girder section cracked in flexure when 
the effect of the tension in the prestressing strands is neglected. Column 3 lists the distance from 
the bottom of the girder to the centroid of the resultant tensile force. The overall depth of the 
girder minus the quantity in Column 3 provides a d value consistent with the concept of C5.8.2.9 
expression of the AASHTO LRFD Specification.  The overall depth of the girder less the value 
in Column 4 provides a d value consistent with the current definition used in the AASHTO 
Standard Specifications.  The values in Column 4 are much easier to derive than those in Column 
3.  However, there are significant differences in the values for the girders with draped strands 
and compensation for that effect needs to be made.   
Listed in Column 5 of Table 2.4-3 is the distance of the straight strands in the bottom 
bulb from the bottom of the girder. As discussed previously, use of the d value derived from the 
Column 6 values is probably valid for Vs calculations but not for Vcw calculations.         
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For the analysis of the girders as reported in the main body and Appendices of this report, 
the simpler approach represented by the use of the values in Column 6 of this table was adopted. 
The values of Column 6 are the distances from the bottom of the beam to centroid of the strands 
below mid-depth of the girder. That value of d is easy to derive, partially compensates for some 
of the effects discussed in the foregoing sections, and is used for simplicity in both the 
expressions for Vcw and Vs for predictions according to the AASHTO Standard Specifications.    
 
A11.2 Vmax Limits- Hypothesis for Evaluating the Shear Strength of Lower Flange 
to Web Connection 
Section A11.2 provides a discussion on the maximum shear stress design level. In the 
current proposal this limitation is placed on Vn,max = 0.18f′c bvdv based on the observations of the 
contractor that the 63-inch bulb-tee girders being testing in NCHRP Project 12-56 appeared to be 
reaching their compressive/horizontal-shear capacity in the base of the web above the support.  
The current LRFD limit is Vn,max = 0.25f′c bvdv+ Vp. The contactor believes that this lower limit 
is only necessary in regions near supports (D-Discontinuity Type Regions) and only for members 
with slender webs.  Thus, the contractor is developing a rule for making the limitation a function 
of the geometry of the section and only applicable for D-Regions. Is in not expected that this 
lower limit would apply to rectangular sections.  
A11.2.1 Background 
In NCHRP Project 12-56 shear tests on bulb tee girders were completed at the University 
of Illinois at Urbana-Champaign in which multiple failures have been precipitated by explosive 
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crushing and shearing failures along the interface between the lower flange and the web of the 
girders. Those failures have also been accompanied by bond slip of the prestressing strands.  The 
zone of crushing and shearing has extended from the end of the beam to a distance of several 
beam depths from the end.  This type of failures has not been reported previously in the research 
literature (A11.1), (A11.2), (A11.3).  Several features distinguish the characteristics of the 12-56 
tests beams from prestressed beams tested previously.  First the 12-56 tests are large scale and 
are being made on bulb-tee girders.  Bulb-tees have larger web depths than the large-scale tests, 
such as those of Reference (A11.1), made previously on AASHTO type girders.  Second, the 12-
56 tests are being made using a setup that allows simulation of uniform loading effects. Prior 
bulb-tee tests (A11.2), and most other prestressed beam shear tests, have been made using 
concentrated loads and relatively short shear span to depth ratios. The 12-56 test setup produces 
a loading that is more characteristic of that likely in practice and the setups used previously may 
have precluded the development of the length of crushing and shearing observed for the failures 
in the 12-56 tests.  Third, in the 12-56 tests the prestress level applied to the beams is 
considerably higher than that used in the deeper bulb-tee tests of Reference A11.2.  The 12-56 
tests simulate conditions where a greater span to depth ratio, and therefore a higher shear stress 
level, occurs than for the beams of Reference A11.2.  Finally, the 12-56 tests were undertaken to 
examine the effect on shear strength of using concrete strengths as high as 18,000 psi.  The 
compressive strength of the concrete used in the tests (A11.3) from which the AASHTO 
Standard Specification provisions for shear strength were developed was typically 4,000 psi 
although some tests were made on beams with strengths as high as 6,000 psi.  
 In the 12-56 tests web-shear cracking was well developed by a load equal to 50 % of the 
failure load.  Further by 75% of the failure load, the ends of those cracks had penetrated some 
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distance into the bottom flange, especially in the region near the end of the girder.  By 75% of 
the failure load, flexural cracking was also well developed and had spread along the length of the 
beam to about half way to the end support.  In the end region of the beam, the pattern of cracks 
crossing the interface between the web and the bottom flange was similar to that which occurs 
for shear transfer behavior in initially uncracked concrete with reinforcement normal to the shear 
plane (A11.4).  Further, while in that end region the bottom flange remained essentially intact, 
that intactness was lost where the flexural cracking extends through the same flange further 
along the span.  
For the very end region of the beam, conditions at the web to lower flange interface are 
similar to those for a corbel for which the M/Vd ratio ranges between one half and unity.  In such 
cases, tests have shown that the interface shear strength, (shear friction strength), is unaffected 
by a simultaneously acting moment.  According it is hypothesized that the limiting shear strength 
of the web to lower flange interface can be evaluated using shear friction concepts.  Further, it is 
hypothesized that for analysis purposes that interface should be divided into two parts.  One part 
is associated with the load-carrying arch that must funnel loads down from the compression zone 
of the beam into the reaction.  The second part is the length of the interface between the soffit of 
that arch and the position at which flexural cracking has penetrated through the bottom flange 
and into the web.  
 
A11.2.2 Evaluation of Strength 
The theory for evaluating the limiting interface shear strength follows that developed in 
Reference A11.4.  As shown in Figure A11.2-1(a) the interface is assumed crossed by diagonal 
struts formed by parallel diagonal cracks.  An applied load, V, on that interface is resisted by 
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truss action, so that there are both compressions, N, and transverse shears, V’ in the struts.  The 
equilibrium of forces becomes as shown in Figure A11.2-1(b).  For given values of V, T and N, 
as the crack angle α increases the shear in the strut V’ increases and the compression in the strut 
decreases.  For a given applied shear V, the strength is limited by the strength of the strut in 
combined compression and shear.  The effect of any force, N, applied normal is additive to the 
effect of the force in the shear-friction reinforcement, T, crossing the shear plane. Generally the 
shear-friction reinforcement will yield before the capacity of the struts is developed.  However, if 
the combination of the effects of T and N is large enough, the struts can crush before the shear-
friction reinforcement yields.    
Consider an element of concrete lying in the interface and within one of the struts. 
Coordinates normal and parallel to the interface are designated as x and y respectively, while 
coordinates normal and transverse to the axis of the strut are designated as x’ and y’, 
respectively.  In the x’-y’ coordinate system the element is subjected to stresses τx’y’, σy’, and σx’.  
As failures approaches, the diagonal cracks open and σx’ can be taken as zero.  The pairs of σy’ 
and τx’y’  values at that failure can be obtained from the failure envelope for concrete using the 
geometric construction shown in Figure A11.2-2.  A succession of Mohr circles are drawn 
tangent to the failure envelope for concrete. The intersection of any particular circle and the τ 
axis defines the value of τx’y’ when σx’ is taken as zero.  The diametrically opposite point on the 
circle, σy’, τx’y, defines the strength of the strut in combined compression and shear.  As apparent 
from Figure A11.2-2, that combined strength, while considerable initially, approaches a limiting 
value with increasing σy’ values.   
The relation between σx, σy  and τxy and σx’, σy’ and τx’y’ can be expressed as follows: 
σx = σy’ sin2α - 2 τx’y’ sinα cosα            (A11.2-1) 
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σy = σy’ cos2α + 2 τx’y’ sinα cosα    (A11.2-2) 
τxy = - σy’ sinα cosα + τx’y’ ( cos2α – sin2α)   (A11.2-3) 
For α = 45 degrees 
  σx = σy’/2 - τx’y’                  (A11.2-4) 
   σy = σy’/2 + τx’y’      (A11.2-5) 
  τxy = - σy’/2      (A11.2-6) 
For cot α = 1.2, as in the proposed simplified design procedure for shear 
σx  = 0.41σy’ – 0.983 τx’y’    (A11.2-7) 
σy = 0.59σy’ + 0.983 τx’y’    (A11.2-8) 
τxy = - 0.983σy’ + 0.19 τx’y’    (A11.2-9) 
Pairs of values of σy’  and τx’y’ corresponding to failure of the concrete can be obtained as 
shown in Figure A11.2-2 and values of σx , σy, and τxy for failure calculated from Eqs. A11.2-4 
through A11.2-6 or A11.2-7 through A11.2-9 as appropriate.  The intrinsic shape of the failure 
envelope for concrete, (outer curve in Figure A11.2-2), was obtained from the results for biaxial 
tests on concrete reported in Reference A11.6.   
At failure σx is the normal stress acting on the shear plane due to the reinforcement 
crossing that plane being stressed in most cases to its yield stress, and the effect of any externally 
applied compressive stress σn. Thus  
σx = Avf fy/ (bws) + σn       (A11.2-10) 
where Avf = area of shear friction reinforcement 
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 fy = yield strength of shear friction reinforcement 
 bw = web width 
and  s = length of shear plane on which Avf acts 
The shear stress vu for failure of a strut is given by  
  vu = V/ (bws)  = K τxy      (A11.2-11) 
where K is a coefficient dependent on the distribution of shear stress across the strut. If that 
distribution is uniform K = 1.0.  If the distribution is parabolic K = 0.67.  In Reference A11.4 it 
was found that when a direct compression acted parallel to the shear plane, as in the case at the 
end of a prestressed concrete girder where that compression is caused by the prestress force, an 
appropriate value for K was 0.84 when the cracks were assumed to cross the shear plane at 45 
degrees.  The agreement between measured strengths for tests on shear friction specimens with 
initially uncracked shear planes (A11.4) and those calculated using the foregoing procedure is 
shown in Figure A11.2-3.  There is good agreement.  For design purposes it was effectively 
recommended in Reference A11.4 that vu be calculated as follows:      
vu  = 400 + 0.8 ( σn + ρ fy) ≤ 0.33 f’c in psi  (A11.2-13)  
where ρ = Avf /(bws) and (σn + ρ fy ) is to be not less than 200 psi.  The coefficient of 0.8 on the 
term (σn + ρ fy ) is a conservative approximation to the K value of 0.84 found for the results in 
Figure A11.2-3 and the coefficient of 0.33 on f’c is a conservative approximation to the upper 
limit of 0.35 found in the tests reported in Reference A11.4 for the maximum shear stress that 
can be developed. As apparent from the broken curve for the combinations for normal and shear 
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stress in the strut for failure, the upper value for vu effectively reaches a plateau for which large 
increases in normal stress, ( σn + ρ fy), produce no effective increase in the shear strength vu.   
Shear-friction tests were conducted in 2002 by Kahn and Mitchell (A11.7) for concrete 
strengths ranging between 7,000 and 18,000 psi and ρ values between 0.37 and 1.47%.  Their 
tests confirmed the continued validity of Eq. A11.2-13.  
The upper limit of 0.33 on f’c was derived from tests on specimens having concrete 
strengths averaging about 4,000 psi.  The relationships of Reference A11.6 suggest that value is 
likely to decrease slowly as the concrete strength increases.  However, that trend is offset by the 
finding from the bulb-tee tests that an α value of about 40 degrees, rather than 45 degrees, is 
appropriate for the angle of the cracks as they intersect the web to flange interface.  Therefore for 
purposes of evaluating the shear strength of the web to lower flange interface it is recommended 
that Eq. 13 be used.  Note that Eq. 13 is the basis for the shear-friction approach described in the 
Commentary to ACI 318-02 except that the Commentary uses 0.2 rather than 0.3 as the limiting 
coefficient on f’c. 
 
A11.2.3 Application of Eq. A11.2-13 to Prediction of Shear Strengths of Web to Lower 
Flange Connection for NCHRP 12-56 Test Specimens 
To use Eq. (A11.2-13) for predicting shear strengths it is necessary to determine 
appropriate values of ρ and σn and to establish a value for the vu effective in the tests at failure.  It 
is proposed that the free body diagrams of Figures A11.2-4, A11.2-5 and A11.2-6 be used to 
describe conditions at the end of the test girder.  Figure A11.2-4 applies to the arch that develops 
above the reaction at the end of the girder. Figure A11.2-5 applies for the arch sectioned along 
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the interface between web and flange, and Figure A11.2-6 applies for the same interface for the 
distance between the inner face of the arch and the position to which flexural cracking has 
extended along the bottom of the beam at failure.  
Consider Figure A11.2-4.  The load from the end reaction is assumed to spread out over 
the height of the beam from the faces of the bearing pad at an angle of cot α = 1.2.  The value of 
α is selected deliberately to be consistent with the α value for evaluation of the effectiveness of 
shear reinforcement in the draft simplified design procedure for shear. For the end arch the 
interface between the web and the lower flange has a length s given by: 
 s = le + lb + 1.2df      (A11.2-14) 
 where  le = extension of girder beyond the exterior face of the bearing pad 
 lb = dimension of bearing pad in direction of longitudinal axis of girder 
 df = depth of flange from its intersection with web to its soffit 
A small fraction of the reaction force, R, will be resisted by shear in the lower flange at 
its interface with the arch. However, most of the reaction force must be transmitted upwards 
across the interface of length s.  The normal stress on that interface is therefore taken as  
  σn = R / (bws)       (A11.2-15) 
The shear stress that can be developed on the interface is calculated from Eq. A11.2-13 using σn 
from Eq. (A11.2-15) and ρfy for the reinforcement crossing the interface and located within the 
arch.   
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Consider the free body shown in Figure A11.2-5. The shear force acting on the interface 
must equal the tension force that develops in the prestressing tendons located below that 
interface and in any deformed bar reinforcement that also extends into the arch region.    For that 
calculation it is appropriate to take the steel force, T, as: 
  T = Aspfpe + Astfy     (A11.2-16) 
Where Asp = area of prestressing strand located in bottom flange below interface 
 
 fpe =  effective prestress in prestressing strand  
 Ast  = area of horizontal deformed bar reinforcement located in bottom flange and 
anchored over support. 
  fy = yield stress of steel Ast 
The use of the effective prestress fpe rather than a reduced value of stress is appropriate 
because lateral pressure provided by the reaction enhances the bond strength of the strand and 
reduces the required transfer length.  Whether or not the term for the deformed bar force needs to 
be included or not depends on whether it is anticipated that the beam will crack in flexure within 
the length of that bar and stress it back into the anchorage zone of the arch.  
If the tension steel force to be developed according to Eq. (A11.2-16) is less than the 
interface capacity, no interface shear failure will occur. However, if the force to be developed is 
greater than the interface shear capacity then incipient conditions for interface shear failure exist. 
In the latter case consider Figure A11.2-6.  The amount, δ T, by which the tension force exceeds 
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the interface shear strength of the arch must be developed by shear-friction action on the length, 
lsf, of the interface between the interior face of the arch and the location along the length of the 
span to which flexural cracking has extended.  For that calculation the enhanced value of 
prestress stress fps that exists at cracking should be used. For calculation purposes fps can be 
taken as follows: 
  fps = fpe  + 12,000 psi       (A11.2-17) 
The interface shear failure capacity for the length lsf is calculated using Eq. (A11.2-13) 
and the characteristics of the reinforcement crossing the length lsf.  There is no normal stress 
acting on the length lsf .  
 
A11.2.4 Example Calculation for G3 of NCHRP 12-56 Tests. 
Interface shear failures occurred at 35.68 kips/ft for the East end of G3 and 38.82 kips/ft 
for the West end of G3.  The West end of G3 had four more #4 bars crossing the interface within 
the length lsf  than the East end.  The concrete compressive strength for the girder was 14,225 psi.  
Flexural cracking occurred at an applied load of 26.05 kips/ft.  That load corresponded to a 
moment of 78,150 kip-in. 
(A) Capacity of Arch at End of Girder 
Length of shearing plane = s = le + lb + cotα df = 7.5 + 9.0 + 1.2(10) = 28.5 in 
Reinforcement within 28.5 inch length for East end of girder 
   = 12-#5 bars with fy = 64.6 ksi  and  4-#4 bars with fy = 67.8 ksi   
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  ρfy = (12 x 0.31 x 64.6 + 4 x 0.2 x 67.8)/ (6 x 28.5) = 1,722 psi. 
At failure σn = (35.68 x 25)/(6 x 28.5) =5,216 psi 
From Eq. 13  vu = 400 + 0.8(5,216 + 1,722) = 5,950 psi but less than 0.33 f’c = 4,694 psi 
Because 0.33 f’c value controls the actual value for σn needs only be known approximately. 
Interface capacity Vn = 4,694 x 6 x 28.5 = 802.7 kips 
Capacity that must be developed per Eq. (16)  T = 36 x 0.217 x 153 = 1195.2 kips 
There are 36-0.6 inch diameter strands located in the lower flange. The effective prestress is 153 
ksi. 
Because T exceeds Vn an interface shear failure is a distinct possibility. 
(B) Capacity of Interface Segment within Span 
Enhanced value of stress in prestressing steel for calculations  = 153 + 12 = 165 ksi 
  δ T = 36 x 0.217 x 165 – 802.6 = 486.4 kips 
Shear friction reinforcement within segment = 2 - #4 bars at 8 inch centers.  
     ρfy = (0.4  x 67.8)/(6 x 8) = 565 psi 
From Eq.13  vu = 400 + 0.8 x 565 = 852 psi 
Segment length required to prevent interface shear failure = 486.4/(0.852 x 6) = 95.1 in. 
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Failure is calculated as occurring when the applied load causes cracking at 95.1 + 12 + 4.5 = 
111.6 in. from center of reaction.  
Load to cause that cracking = (78,150x2)/ (111.6 x (50-111.6/12)) = 34.41 kips/ft 
Measured/Calculated Interface Shear Capacity = 35.68/34.41 = 1.036. Note that in the 
test flexural cracking was observed to extend to 135 in from the support at a load of 32.4 kips/ft. 
At West end there were an additional 4 -#4 bars in the length of the segment from the 
front of the arch to the position where flexural cracking crossed the lower flange.  
Shear-friction capacity of bars = 4 x 0.2 x 67.8 = 54.24 kips. 
Capacity required to be developed in segment = 486.4 - 54.24 = 432.2 kips. 
Length required for segment = 432.2/(0.852 x 6) = 84.5 in 
Distance to center of reaction = 84.5 + 16.5 = 101 in  
Load to cause cracking = (78,150 x 2)/(101 x (50-101/12)) = 37.22 kips/ft 
Measured/Calculated Interface Shear Capacity = 38.82/37.22 = 1.043. Note that in the 
test flexural cracking was observed to have extended to 108 in from support at the failure load of 
38.82 kips/ft.        
 
A11.2.5 Example Calculations for BT8 Dead End of LTRC Girder 
The LTRC girders contained 24-0.6 in diameter strands all of which were located in the 
lower flange. However, only 18 strands were developed at the end.  The other six strands were 
shielded and developed at varying distances from the end.  The exact shielding details are not 
available at this time. The geometric dimensions of the lower flange were the same as those for 
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the NCHRP 12-56 tests. The dead end of Girder BT8 failed at a shear of 600 kips.  The concrete 
strength for that girder was 11,310 psi.  
Capacity of Arch at End of Girder 
Normal stress = 600/6 x 28.5 = 3,509 psi 
Shear-friction reinforcement = 2-#5 bars at 4 inch spacing 
  ρfy =  (2 x 0.31 x 60)/(4 x 6) =1,550 psi 
from Eq.(13) vu = 400 + 0.8(3,509 + 1,550) = 4,447 psi 
  0.33 f′c = 0.33 x 11,310 = 3,673 psi. ……Controls 
Shear force that can be developed at interface of arch = 3,673 x 6 x 28.5 = 628.1kips 
T = 18 x 0.217 x 153 = 597.6 kips.  This foregoing value does not include an effect for the eight 
#6 bars added to the bottom flange per LRFD requirements.  However, because of the test setup, 
flexural cracking would not stress those bars.  Therefore the yield force associated with them is 
not included in T.    
Interface shear failure is not predicted and was not observed.  However, the beam could 
be expected, as observed in the tests, to be showing at failure distress at the intersection of the 
web and lower flange at a location immediately in front of the arch.   
A11.2.6 Future Work 
The contractor continues to evaluate and validate this limit based on the examination of 
previous experimental work, such as the test results that have been compiled and are shown in 
Tables A11.2-1 to A11.2-4. 
 A11-20
A11.3 Crack Record Method Based on Photogrametric and Image Analysis 
Techniques 
 Close-Range Digital Photogrammetry has been used widely for the determination of 3D 
coordinates in a large number of industrial applications in the past decade. As a non-contact 
measurement technique, it obtains accurate measurements and geometric data of objects from 
digital images. Camera modeling, camera calibration and image processing are the three main 
components of using close-range digital photogrammetry. This method was employed in this 
project to accurately measure the position and angles of cracking. This method is explained 
below, beginning with the general principles of digital photogrammetry and then describing the 
specific steps that were used in calculating crack locations and angles. 
Camera Model: The pinhole model is the basic model used in photogrammetry to 
describe the geometry of a frame photograph (Mikhail et al. 2001).  Figure A11.3-1 illustrates 
the basic geometry of the camera model suggested by Tsai (1987).  There are four coordinate 
systems involved and named as 3D world coordinate system Ow-XwYwZw, 3D camera coordinate 
system O-XYZ, the real image coordinate system Oi-XiYi and the computer image coordinate 
system Of-XfYf. While the world coordinate system Ow-XwYwZw can be set arbitrarily, the 3D 
camera coordinate system O-XYZ is attached at the optical center O with the Z axis the same as 
the optical axis. Oi-XiYi is the image coordinate system centered at the intersection of the optical 
axis Z and the image plane. The distance between the image plane and the optical center O is 
focus length f. Of-XfYf is the digital image coordinate used in the computer for pixel locations. An 
arbitrary object point P with coordinate of (Xw, Yw, Zw) in the world coordinate system, or (X, Y, 
Z) in the camera coordinate system, has the projection in the image plane as point (Xu, Yu) if there 
is no lens distortion. However, lens distortion is inherent and will cause the actual image 
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coordinate (Xd, Yd) to be different from the projected point (Xu, Yu). The conversion from the real 
image coordinate (Xd Yd) to the computer image coordinate (Xf, Yf) is referred to as digitization. 
Camera Calibration: The goal of camera calibration is to compute the camera intrinsic 
and extrinsic parameters based on a number of points whose object coordinates in the world 
coordinate system are known and whose computer image coordinates (Xf, Yf) are measured (Tsai 
1987). These points are usually called control points, or calibration points. There are a number of 
calibration techniques, such as the bundle adjustment (Granshaw, 1980), two-stage calibration 
technique (Tsai, 1987), and separate adjustment (Wang et al. 1998).  
Image Processing: The photographic image in a computer, either from a scanner or from 
a digital camera, has been digitized, a process which divides the original picture into rows and 
columns of a huge number of very small areas, called pixels. Each pixel has a location in the 
image grid of rows and columns. There are two types of digitized images, gray-level image and 
color image. Pixels in both types store a value of gray level or color depth.  An 8-bit (one byte) 
value is used for pixel of gray-level images which ranges from zero (dark) to 256 (white). Red, 
green and blue (RGB) are three basic components to represent the color. For color image, or 
RGB image, each pixel has a 24-bit binary value, one byte for each component of RGB. Color 
image can be converted into gray-level image in many ways, such as extracting one color 
component, or averaging three components. 
Edge detection is one of fundamental image processing operations. It identifies the 
boundary of an object from the background. Edges in images are areas with strong intensity 
contrasts. The main idea of edge detection algorithm is to find the sharp contrasts, either by 
searching the local limit in gradient, or looking for zero crossings in the second derivative of the 
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image (Russ 1992). Many computer software packages can be found which incorporate those 
edge detection algorithms, such as OpenCV from Intel Company (Intel, 2001).  
Crack Record Method: The procedure utilized in the crack recording method is divided 
into seven steps: image acquisition, crack enhancement, crack detection, camera calibration, 
coordinate transformation, error elimination and crack merging as described below. 
Step 1— Image Acquisition: A 5 Megapixel Digital camera was used for taking pictures 
with the camera as close to perpendicular to the web surface of the girder as possible. At each 
stage, a large number of images, typically 15-20 were used to record cracking over the surface of 
the test girder. There was significant overlap between pictures, and some pictures recorded a 
much small region of the beam than others. Close pictures were taken for critical regions, such as 
at end regions. The digitized images were color images that were converted into gray-level 
images by extracting a color plane for further processing.  
Step 2 — Crack Enhancement: The main purpose of crack enhancement is to ensure 
that the cracks contrast sharply to background. It was found that all pixels have value less than 
150 in the converted gray-level images. Two operations were taken to enhance the crack profiles. 
First subtraction operation was executed to reduce all pixel values by 50, and then all cracks are 
traced on the computer screen with a white pen with pixel value of 256. After those steps, all 
cracks have pixel values close to 256 (white) while all others values are less than 100.  
Step 3 — Crack Detection: Crack enhancement produced sharp contrast between cracks 
and background. Then edge detection technique was applied to obtain the contour of each crack. 
The proposed method adopted the edge detection functions provided by OpenCV (Intel, 2004) in 
searching contours. After the contour of a crack was obtained, its center line was computed by 
 A11-23
accounting for the fact that crack is a long thin object. This detection step defined the crack 
positions in the computer image coordinate.  
Step 4 — Camera Calibration: Zurich targets on the web surface were used as control 
points for camera calibration. The first step of camera calibration is to determine the world 
coordinates of these control points. This was achieved by using the Zurich measurements which 
provided the distance between any two targets. The second step is to obtain the image 
coordinates with image processing. By setting a circular region around each Zurich target and 
performing centroid computation, the image coordinate of that target was determined. Then the 
camera parameters were computed by calibration techniques after both image coordinates (Xf, Yf) 
and world coordinates (Xw, Yw, Zw) of control points were given. The selected method used the 
two-stage camera calibration technique proposed by Tsai (1987) and which is regarded for its 
stability.  
  Step 5 — Coordinate Transformation: Coordinate transformation is the conversion 
from the image coordinate (Xf, Yf) to the world coordinate (Xw, Yw, Zw). From one photograph, the 
camera parameters are not sufficient to enable this transformation, because the transformed point 
is not unique. This can be seen from Figure A11.3-1. In the figure there are infinite object points 
in the line of PdP which have the same image point Pd. To obtain a unique world point, the 
constraint condition was added that the control points and the crack points were in the same 
plane. After added this constraint and setting camera parameter values, the world coordinates 
( 'wX ,
'
wY ,
'
wZ ) of crack points were able to be computed by executing the coordinate algorithm on 
all images. Here comma signs are added on the top to distinguish this computed world 
coordinates ( 'wX ,
'
wY ,
'
wZ ) from the real world coordinates (Xw, Yw, Zw).  
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Step 6 — Error Elimination: The step of coordinate transformation produced the 
computed coordinate ( 'wX ,
'
wY ,
'
wZ ), which is different from the real world coordinates (Xw, Yw, 
Zw). Errors exist between these two sets of coordinates. For example, the errors for control points 
can be evaluated by Equation A11.3-1, where N is the number of control points. 
∑
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222    (A11.3-1) 
Error comes from many aspects, such as the approximation of the camera model, or the essential 
approximation of camera parameters, which comes from either the inaccuracy of the image 
coordinates or the inaccuracy of the world coordinates of control points.  
To obtain more accurate results, the error shown in Equation A11.3-1 should be 
minimized. A bilinear map method was used for this purpose. Figure A11.3-2 illustrates the 
application of this method. The left part in this figure shows the computed world coordinate 
( 'wX ,
'
wY ) and the right part is for real world coordinate (Xw, Yw). The component of Z is omitted 
here because for convenient the XY plane was set on the web surface. Control points 1, 2, 3, 4 
form a quadrilateral. Point A is a crack point in the quadrilateral. Both computed world 
coordinates ( 'wX ,
'
wY ) and real world coordinates (Xw, Yw) of the four control points are known, 
also known is the computed world coordinate ( 'wX ,
'
wY ) for the crack point A. The remaining task 
is to obtain the real world coordinate (Xw, Yw). 
This problem was solved by using a linear map method. The coordinate of any point (XA, 
YA) in the quadrilateral can be expressed by the four vertex points as Equation A11.3-2. 
∑
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Where (Xi,Yi)s are coordinates of four points, (ξ ,η) is position coefficient of Point A 
with 11 ≤ηξ≤− , . The position coefficient (ξ ,η ) of point A can be computed through a 
nonlinear equations solution method. It then yields the world coordinate of A to substitute (ξ ,η) 
and the world coordinates (Xw, Yw) of four control points into Equation A11.3-2.  
Step 7 — Crack merging: The last step, crack merging, is to create the whole crack 
pattern from individual images. Crack merging involves collecting all cracks, removing the 
repeatable cracks, and merging the overlap parts of cracks from different pictures. 
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A11.4 Guideline for Using GrdVis 
A11.4.1 Introduction 
Over 200 different instruments were installed either internally or externally to measure 
the response of each girder test. Continuous measurements were taken by load cells, Linear 
Variable Displacement Transducers (LVDTs), strain gages on reinforcement, strain gauges on 
concrete surface, and of the coordinates of Krypton LED targets. Additional information was 
collected periodically at load stages including pictures and measurements from the Zurich gages. 
In addition, the failure of each girder was typically recorded by 4 videos. Most instrumentation 
adopted 1 Hz as the basic frequency in data acquisition. Each girder test took at least two days to 
achieve a failure at each end. Over 300 MB of numerical data and 700 MB of pictures and videos 
were acquired in each of the experiments.  
Such volumes of data and the multiplicity of measurement sources overwhelm the 
traditional methods of data analysis such as spreadsheets for fully understanding experimental 
behavior. The major hindrance in traditional data analysis are associated with the tremendous 
effort that must be devoted to the complexity of combining the raw experimental data with 
acquisition time and instrumentation locations as well as structure element information. A 
significant need exists for a new data analysis method with the ability to assist researcher in 
analyzing test data.  
To fully understand and compare the recorded information, a visualization tool named 
GrdVis was developed which enables the results from multiple data sources to be displaced and 
provides a convenient and complete environment for data analysis. This section provides 
assistance for using GrdVis for girder data analysis. 
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A11.4.2 Installation of GrdVis 
The GrdVis program is written in the object-oriented C++ programming language and 
Microsoft Foundation Classes, and compiled with Microsoft Visual C++ Version 6.0. GrdVis is 
designed to run in the Microsoft Windows operation system. The recommended minimum 
system requirements are: 
- PC with 233 MHz or higher processor and 64 MB of RAM 
- 100 MB of free hard-disk space 
- Microsoft Windows 95 or later operation system 
- 16-bit color monitor 
- mouse or equivalent pointing device 
The included CD contains the executable GrdVis program and the data for the ten girder 
tests in the directory \GrdAll. To install and run GrdVis, complete the following procedure: 
1. Copy the entire directory GrdAll in the CD to the root folder c:\ of your computer;  
2. Double click the executable program GrdVis.exe in the newly crated directory 
c:\GrdAll to run the program.  
 
A11.4.3 GrdVis Basics  
(1) User Interface 
Double click the executable file GrdVis.exe, the GrdVis application window appears as 
shown in Figure A11.4-1. 
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Like other window-based application program, GrdVis also consists of the main menu, 
the toolbar, the status bar and the work area. The main menu provides access to all functions and 
operations for data analysis. The toolbar is located under the main menu and provides a quick 
access to menu commands. The status bar describes actions of menu items as the user navigates 
through the menus. The work area was split vertically into two windows, the visualization 
window and the text output window. The visualization window displays the structure elements 
and instruments and the text output window shows numerical results. Between those two 
windows is a moveable splitter for size adjustment. Both windows are scrollable in both vertical 
and horizontal directions for viewing more information of the contents. A third window, the data 
curve window, is floating over the work area which displays curves of data versus time or load.  
 
 (2) Opening a girder test data project 
To open an existed girder test data project: 
1. Select the Project/Open Girder Project menu item, or click the   toolbar button. 
The Open dialog box appears. 
2. Browse for and select the desired GrdVis project file with the .GVS extension. For 
example, the project file for Girder 1 was saved in the directory c:\GirderAll\G1 as G1.GVS.  
3. Double click the project file or Click Open button to open the test data project.  
 After a project was selected and opened, the detailed information for that girder test was 
displayed in the three windows. For example, Figure A11.4-2 gives the example of Girder 10. 
 
(3) Viewing the three windows 
Visualization Window 
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Within the visualization window all structure elements and instruments are drawn in 
distinctive colors. The display of those objects are controlled by a control show dialog in GrdVis. 
Select the View/Control Show menu item, the control show dialog appears as shown in Figure 
A11.4-3.  
The control show dialog provides option pages for controlling what elements of the 
structure and what instruments are displayed in the visualization windows. When the check box 
of an element or an instrument is selected, then this object is displayed in the visualization 
window; otherwise it is off. 
 Since data analysis is conducted using one or more specified elements or instruments, 
the necessity arises for object selection in the visualization window. The control show dialog 
also provides the Selection option which defines which type of objects can be selected in the 
window. Object selection is done by double clicking the object. The object color will be 
highlighted after it was selected.  
GrdVis also provides zoom functions to magnify or shrink the display size of objects in 
the visualization window. The zoom functions can be reached either through menu items 
View/Zoom In and View/Zoom Out or by clicking the buttons   and  in the toolbar. The 
Zooming functions combined with the scrolling functions allow user focus on specific area or 
analyze portions with greater detail.  
 
Text Output Window 
The text output window is a simple notepad. It presents the numerical values including 
time, load, item value, and the workable period for a specified measurement or analyzed result. 
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Those values can be copied and pasted for further processing through the items in the main menu 
Edit.  
 
Data Curve Window 
The data curve window provides the access to the measurement readings and analysis 
results, as shown in Figure A11.4-4. The display of this window is controlled by the menu item 
View/Load Curve. 
The selected data to be plotted can either be that of load or time in the left view. The right 
part shows some setting properties. There are two drop-down list-boxes, Data and Items. The 
Data list-box defines which group of data will be explored and the Items list-box defines which 
item of the selected group will be shown in the left view. The two radio buttons, Load(Y) and 
Time(X), assign the data curve axis, either the y-axis is load (Load(Y)) or the x-axis is time 
(Time(X)). The radio button Whole shows the entire data curve while the radio button Effective 
only shows the effective envelop over the recording period and omits the unloading-reloading 
segments of the data. The bottom buttons  and   are used for exploring data from the 
item to its neighbors in the same group assigned in the Data list-box. 
A cross-cursor is attached on the data curve in the data curve window. The cursor can 
move forward or backward along the data curve by moving the mouse or pressing arrow keys in 
the keyboard. When the cursor moves along the data curve, the text output window displays the 
current values corresponding to the point in the curve, and the visualization windows also 
responses to the movement, such as the development of crack pattern or the development of 
straining. Thus this provides interaction among these three windows and connects them into an 
integrated system for data analysis.  
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A11.4.4 Capabilities of GrdVis 
(1) Exploring data 
The basic capability of GrdVis is providing a convenient and complete environment for 
data exploration. The visualization window illustrates the configurations of structure elements 
and instruments, and the data curve window and the text output window provides access to the 
data. The synchronized work of the three windows makes it simple to review experimental test 
data For example, to better understand the behavior of a portion of the structure, the user can 
select the instruments at or near the location of the element in the visualization window, and then 
choose the right instrument data to be shown in the data curve window. Thus data history can be 
traced by moving the cursor along the curve, meanwhile the text output window displays the 
detailed numerical values. This synchronization also provides an effect and simply way to 
compare values from several instruments at the same time. With the help of the integrated 
system, the user can more easily identify patterns in the data and comprehend the totality of the 
data. 
(2) Crack Pattern 
Crack plays and important role in understanding the behavior of structural concrete. 
Crack patterns are stored in GrdVis for every load stage and shown in the visualization window.  
To show the crack patterns, go to menu item View/Control Show to open the control show 
dialog, and choose the Crack option, and then check the Crack checkbox.   
As the cursor moves along the data curve, the crack pattern also changes with external 
loading, which illustrates the development of cracking. GrdVis can compute the angle of 
cracking for each crack and the spacing of cracks for each load stage through the main menu 
Crack. User can choose to see any measured values the loading history overlaid on top of the 
crack pattern. Usually accompanied with occurrence of cracking are sharp changes in the 
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measurement of the instruments near the location of the cracking. This can be taken into account 
in detecting special points in the loading history, such as the cracking point.  
 (3) Patterns of straining and deformation 
Compared to traditional analysis, GrdVis is able to integrate results from different 
instruments to produce patterns of the measured state over a wide range. It provides some tools 
for viewing the distribution of straining or deformation along a particular direction. For example, 
the following operations illustrate the procedure for the user to see the development of straining 
along a reinforcing bar: 
1) Select the View/Control Show menu item. Select the Stirrup option in the control 
show dialog, then make the Stress/Strain Distribution of Stirrup checkbox checked, and then 
choose the radio button Strain to view the strain distribution.  
2) In the visualization window, double click the gaged stirrup of the interest and the color 
of the selected stirrup will be changed.  
3) Move the cursor in the Data Curve window, then the development of straining in the 
bar keeps changing with the cursor moving. 
(4) Shear Components of Free Body Diagrams 
One main achievement of the development of the GrdVis system is the convenient in the 
evaluation of shear components of resistance within a selected free body diagram. To do so, 
complete the following procedure: 
1) Select the View/Control Show menu item. Select the Selection option in the control 
show dialog, then make the Crack checkbox checked;  
2) In the visualization window, double click the cracks which compose the separation 
plane. The color of the selected cracks will be changed into yellow.  
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3) Select the FBD/Free Body Diagram menu item, then the selected free body diagram 
highlights in the visualization window, and meanwhile the data curve is shown in the data curve 
window.  
 4) Choose item in the drop-down list-box Item to view the analyzed results. 
 GrdVis allows the user to select one or more cracks and automatically creates the free 
body diagram between the end of the girder and the selected cracks. It computes the shear 
sectional force from the external loading measured in loading cells, and then computes the shear 
resistance of stirrups from strains measured in strain gages. Furthermore, the concrete component 
was obtained by subtracting stirrup resistance and vertical component of prestress force from the 
sectional shear force. All those detailed information can be explored by user in the data curve 
window. 
(5) Viewers 
 GrdVis provides many analysis tools named viewers for viewing test results from 
different kinds of instrumentation. The main menu Viewer stores all viewer functions. Those are 
different viewers for different objects. For example, to use the Viewer/Stirrup Viewer, stirrup 
should be selected first.  
 
A11.4.5 Menu Description 
This section provides the detailed description on the functionality of the main menu items 
as well their submenu items.  
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Main Menu Sub Menu Description 
Open Girder Project Open the project file *.GVS for a girder test. Project 
Exit Exit the application program 
Undo Undo the last action on the text output window 
Cut Cut the selected text in the text output window and 
put it on the clipboard 
Copy Copy the selection and put it on the clipboard 
Edit 
Past Insert the copied text in the text output window 
Main View Change to normal visualization window from the 
graph view window 
Graph View Change to graph view window from the normal 
visualization window. Graph view is for plotting 
multiple curves in the same view. 
Control show Open the Control show dialog 
Load Curve Show the Data Curve window 
Toolbar Show or hide the toolbar 
Status Bar Show or hide the status bar 
Graph Make Open the Graph Make dialog box to input the data 
for plots in graph show window 
Zoom In Magnify the view of the visualization window 
Zoom Out Shrinkage the view of the visualization window 
View 
Time Setting Setting removed time period for Effective in data 
curve window 
Crack Pattern Compute the crack pattern and save in file 
Crack Length Compute the crack length and save in file 
Crack 
First Crack Compute the result for the first cracking  
Stirrup Viewer View the strain or stress in a selected stirrup 
Zurich Viewer View the strain in selected Zurich edges 
Krypton Viewer View the strain in selected Krypton edges 
CSG Viewer View the strain in a selected concrete surface strain 
gage 
Viewer 
StGage Stress Compute the stresses from the strains measured by 
stirrup gage 
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Free Body Diagram Run the shear analysis for a free boy diagram 
based on selected cracks 
Read In FBD File Read in the existed FBD file saved in \FBD  
Write Out FBD File Save the selected free body diagram in a file 
FBD 
Batch Process Batch process the FBD analysis for many free 
body diagrams 
Max Value Save the maximum values for each load stage in a 
file 
Inquiry  
Section Force Inquiry the section forces for a specific section at a 
specific time point. 
Others  Left for future functions 
Help  Open Help dialog 
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Table A11.2-1 Measured Strengths for LTRC Beams 
Specimen Shear, Vn, 
at Failure-
kips 
Concrete 
Strength-f’c 
vn -psi vn/f’c vn/√f’c Failure Mode 
BT6-Live 630 11,780 1,649 0.140 15.19 Strand Slip 
BT6-Dead 596 11,590 1,552 0.134 14.43 Strand Slip 
BT7-Live* 654+ 12,400 1,703 0.137 15.26  
BT7-Dead* 645 12,730 1,680 0.132 14.89 Web crushing + 
shear along web-
bottom flange 
interface in span 
BT8-Live* 639+ 11,850 1,664 0.140 15.24  
BT8-Dead* 600 11,310 1,563 0.138 14.68 Web crushing + 
shear along 
bottom flange 
interface in span 
 
Notes: * 8-#6 bars added at end per LRFD Shear Design Requirements 
 + Strength limited by capacity of testing equipment 
 
Table A11.2-2 Measured Strengths for Selected UIUC Bulletin 493 High Prestress 
Beams 
Specimen f’c bw d Vn-kips vn -psi vn/f’c vn/√f’c 
CW13.28 3,860 1.75 10.03 17.7 1,008 0.261 16.22 
CW13.38 3,290 1.80 10.03 16.6 919 0.280 16.03 
CW14.14 6,730 1.72 10.05 14.3 827 0.123 10.08 
CW14.22 4,660 1.71 10.41 13.8 775 0.166 11.36 
CW14.25 5,420 1.80 10.15 14.2 777 0.143 10.55 
CW14.34 3,950 1.77 10.60 18.2 970 0.246 15.43 
CW14.41 3,440 1.75 10.61 14.5 781 0.227 13.31 
CU14.35 4,000 1.76 10.64 15.2 812 0.203 12.83 
FV14.063 3,450 1.80 12.81 20.1 872 0.253 14.84 
FV14.064 3,710 1.77 12.93 20.0 874 0.236 14.35 
FV14.065 3,730 1.75 12.76 19.6 878 0.235 14.37 
FV14.070 2,650 1.71 12.72 16.3 749 0.283  14.56 
FW14.063 2,750 1.70 12.72 22.0 1017 0.365 19.26 
FW14.089 4,210 1.71 12.56 25.8 1201 0.286 18.56 
FW14.091 3,380 1.71 12.22 22.2 1021 0.302 17.56 
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Table A11.2-3 NCHRP 12-56 Girders 
Specimen f’c -psi VTEST- kips vn -psi vn/f’c vn/√f’c 
G1E 10,275 650 1601 0.156 15.79 
G1W 10,275 752 1852 0.180 18.27 
G2E 9,930 844 2079 0.209 20.86 
G2W 9,930 968 2384 0.240 23.93 
G3E 14,225 892 2197 0.154 18.42 
G3W 14,225 971 2392 0.168 20.00 
G4EW 14,225 1068 2631 0.185 22.06 
G6E 16,000* 847 2083 0.130  
G6W+ 16,000* 696 1712 0.107  
*Estimate+ 6 strands above web-lower flange interface debonded so that effective bw = 
4.70 inches and therefore effective value of vn based on net width is 2186 psi 
 
Table A11.2-4 Selected Shahawy and Batchelor Girders 
Specimen a/d a/l Vtest-
kips 
vn -psi vn/f’c vn/√f’c Failure 
Mode 
A000RN 2.1 0.18 313 1,288 0.215 16.62 Shear/bond
A2002RS 1.8 0.20 357 1,439 0.240 19.00 Flexure 
A2003RS 2.1 0.22 312 1,258 0.210 16.58 Flexure 
B1003RN 1.5 0.21 262 1,078 0.180 13.92 Shear/bond
B1002R2N 1.5 0.25 268 1,103 0.184 14.24 Shear/bond
 Note: Specified concrete strength was 6,000 psi. Actual strengths were not measured.  
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Figure A11.2-1 Shear Transfer in Initially Uncracked Concrete  
(adapted from Figure 7 of Ref. A11.4) 
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Figure A11.2-2 Combinations of Normal and Shear Stress that Cause Failure of 
Concrete (adapted from Figure 8 of Ref. A11.4) 
 
 A11-40
Concrete failure
envelope
Calculated; K=1.0, =45a
Calculated; K=0.84, =45a
Test data, Series I,
Initially uncracked
500
1000
1500
2000
  V
(psi)
u
r f (psi)y 
500 1000 1500 2000
 
Figure A11.2-3 Comparison of Calculated and Measured Shear Transfer Strengths 
for Initially Uncracked Push-off Specimens (adapted from Figure 9 of Ref. A11.4) 
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Figure A11.2-4 Free Body Diagram for Arch at End of Girder 
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Figure A11.2-5 Free Body Diagram for Portion of Arch Below Interface between 
Web and Lower Flange 
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Figure A11.2-6 Free Body Diagram for Segment of Lower Flange between Face of 
Arch and Extent of Flexural Cracking at Failure Along Lower Flange. 
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Figure A11.3-1 Camera Model 
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Figure A11.3-2 Bilinear map method for error elimination 
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Title bar    Toolbar       Main Menu 
 
Status bar   Visualization Widow   Text output Window     Data Curve Window 
Figure A11.4-1 GrdVis Application Window 
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Figure A11.4-2 Screen Shot of Girder 10 Application 
 
Figure A11.4-3 Control Show Dialog 
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Figure A11.4-4 Data Curve Window 
 
